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PREFACE 


Thk  necessity  tor  a  new  edition  of  "  An  Introduction  to 
Astronomy "  has  furnished  an  opportunity  for  entirely  re- 
writing it.  As  in  the  iirst  edition,  the  aim  has  Ijceu  to  pre- 
sent the  great  subject  of  astronomy  so  that  it  can  be  easily 
comprehended  even  by  a  i)er8on  who  has  not  had  extensive 
1  flcientitic  training.  It  has  lieen  assumed  that  tlie  reader  has 
,  no  intention  of  lieconiing  an  astronomer,  hut  that  he  has  an 
interest  in  the  wonderful  universe  which  surnmnds  him,  and 
that  he  lias  arrived  at  such  .a  sUige  of  inti'llectuiil  development 
that  he  demands  the  reasons  for  whatever  nonclusions  he  is 
asked  to  accept.  The  first  two  of  these  assumptions  have 
largely  determined  the  Bubject  matter  which  is  presented  ; 
the  third  has  strongly  influenced  the  method  of  presenting  it. 

While  the  aims  have  not  changed  materially  since  the  first 

edition  was  written,  the  details  of  the  attempt  to  accomplish 

them  have  undergone    many,  and   in    some   cases    important, 

modifirations.     For  example,  the  work  on  reference  points  and 

lines  has  lieen  deferred  to  Chapter  IV.     If  one  is  to  know  the 

..eky,  and  not  simply  know  about  it,  a  knowledge  of  the  coonli- 

oate  systems  is  indispensable,  l)ut  they  always  present  some 

difficulties  when  they  are  encountered  at  the  beginning  of  the 

,  eabject.      It  is  believed  that  the  present  treatment  prepares 

I  so  thorougiily  for  their  study  and  leads  so  naturally  to  them 

I  that  their  mastery  will  not  be  found  difficult.     The  chapter  on 

telescopes  has  lieen  regretfully  omitted   because   it  was  not 

necessary  for  luiderstanding  the  remainder  of  the  work,  and 

lurcsiuse  the  space  it  occupied  was  needed  for  treating  more 

Tital  parts  of  the  subject.      The  numerous  discoveries  in  the 

sidereal  universe  during  the  last  ten  years  have  made  it  neces- 

>  may  greatly  to  enlarge  the  last  chapter. 


VI  PREFACE 

As  now  arranged,  the  first  chapters  are  devoted  to  a  discus- 
sion of  the  earth  and  its  motions:  They  present  splendid 
examples  of  the  characteristics  and  methods  of  science,  and 
amply  illustrate  the  care  with  which  scientific  theories  are 
established.  The  conclusions  which  are  set  forth  are  bound  up 
with  the  development  of  science  from  the  dawn  of  recorded 
history  to  the  recent  experiments  on  the  rigidity  and  the  elas- 
ticity of  the  earth.  They  show  how  closely  various  sciences 
are  interlocked,  and  how  much  an  understanding  of  the  earth 
depends  upon  its  relations  to  the  sky.  They  lead  naturally  to 
a  more  formal  treatment  of  the  celestial  sphere  and  a  study  of 
the  constellations.  A  familiarity  with  the  brighter  stars  and 
the  more  conspicuous  constellations  is  regarded  as  important. 
One  who  has  become  thoroughly  acquainted  with  them  will 
always  experience  a  thrill  when  he  looks  up  at  night  into  a 
cloudless  sky. 

The  chapter  on  the  sun  has  been  postponed  until  after  the 
treatment  of  the  moon,  planets,  and  comets.  The  reason  is 
that  the  discussion  of  the  sun  necessitates  the  introduction  of 
many  new  and  difficult  topics,  such  as  the  conservation  of  en- 
ergy, the  disintegration  of  radioactive  elements,  and  the  prin- 
ciples of  spectrum  analysis.  Then  follows  the  evolution  of 
the  solar  system.  In  this  chapter  new  and  more  serious  de- 
mands are  made  on  the  reasoning  powers  and  the  imagination. 
Its  study  in  a  measure  develops  a  point  of  view  and  prepares 
the  way  for  the  consideration,  in  the  last  chapter,  of  the  tran- 
scendental and  absorbingly  interesting  problems  respecting 
the  organization  and  evolution  of  the  sidereal  universe. 

Lists  of  problems  have  been  given  at  the  ends  of  the  prin- 
cipal divisions  of  the  chapters.  They  cannot  be  correctly 
answered  without  a  real  comprehension  of  the  principles  which 
they  involve,  and  in  very  many  cases,  especially  in  the  later 
chapters,  they  lead  to  important  supplementary  results.  It  is 
strongly  recommended  that  they  be  given  careful  consideration. 

The  author  is  indebted  to  Mr.  Alliert  Bamett  for  the  new 
star  maps  and  the  many  drawings  with  which  the  book  is  illus- 
trated, with  the  exception  of  Figs.  23  and  30,  which  were 
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kindly  furnished  by  Mr.  George  Otis.  He  is  indebted  to 
Professor  David  Eugene  Smith  for  photographs  of  Newton, 
Kepler,  Herschel,  Adams,  and  Leverrier.  He  is  indebted  to 
the  Lick,  Lowell,  Solar,  and  Yerkes  observatories  for  a  large 
amount  of  illustrative  material  which  was  very  generously 
furnished.  He  is  under  deeper  obligations  to  his  colleague, 
Professor  VV.  D.  MacMillan,  than  this  brief  acknowledgment 
uau  express  for  assistance  on  the  manuscript,  on  the  proofs, 
and  in  preparing  the  many  problems  which  appear  in  the  book. 


F.  K.   MOULTON. 
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CHAPTER    I 
PRELIMINARY    CONSIDERATIONS 

1.  i>cience.  —  The  i)n)gres.s  of  niaiikiiul  has  boon  market! 
by  a  number  of  great  itiU-Ufctual  movements.  At  one  time 
the  ideas  of  men  were  expanding  with  the  knowledge  wiiich 
they  were  obtaining  from  the  voyages  of  Columbus,  Magel- 
lan, and  the  long  list  of  hardy  explorers  who  first  visited  the 
remote  parts  of  the  earth.  At  another,  millions  of  men  laid 
down  fheir  lives  in  order  that  they  might  olitain  toleration 
in  religious  behefs.  At  another,  the  struggle  was  for  poUtieal 
free<iom.  It  is  to  be  noted  with  satisfaction  that  those 
movements?  wliich  ha\e  involved  the  great  mass  of  people, 
from  the  liighest  to  the  lowest,  liave  led  to  results  which 
have  not  l;een  lost. 

llie  present  age  is  known  as  the  age  of  science.  Never 
before  have  so  many  men  teen  actively  engaged  in  the 
puratiit  of  science,  and  never  before  have  its  results  con- 
tributed so  enormously  to  the  ordinary  affairs  of  Ufe.  If  all 
ite  present-day  appUcations  wore  suddenly  and  for  a  con- 
siderable time  removed,  the  results  would  be  disastrous. 
With  the  stopping  of  trains  and  steamboats  the  food  supply 
in  cities  would  soon  fail,  and  there  would  be  no  fuel  with 
which  to  heat  the  buildings.  Water  could  no  longer  be 
pumped,  and  deva,stating  fires  might  follow.  If  people  es- 
caped to  the  country,  they  would  perish  in  large  numbers 
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because  wilhoui  mtKloin  inarliinery  not  t>iiou>:;h  fuod  coukl 
be  raised  to  supply  llic  popiilafion.  In  fact,  the  more  the 
subject  is  considered,  tlie  more  deurly  it  is  seen  tliat  at  the 
present  time  the  lives  of  civilizeil  men  are  in  a  thousand  ways 
directly  dependent  on  the  things  produced  by  science. 

Astronomy  is  a  science.  That  is,  it  is  one  of  those  sub- 
jects, such  as  physics,  chemistry,  Rcylogy,  and  biology, 
which  have  rnaile  the  present  age  in  very  many  respects 
altogether  different  fiom  any  eariii-r  one.  Indeed,  it  is  the 
oldest  science  and  the  parent  of  a  mimber  of  the  others,  and, 
in  many  respects,  it  is  the  most  perfect  one.  For  these  rea- 
sons it  illustrates  mo.st  sini[)ly  and  clearly  the  characteristics 
of  science.  Con.sequently,  when  one  enters  on  the  study 
of  a.stronomy  he  not  only  Ix-gins  an  acquaintance  with  a 
subject  which  has  always  born  noted  for  its  lofty  an<l  un- 
selfish ideals,  but,  at  the  satnc  time,  he  lK>coracs  familiar  with 
the  characteri.stics  of  the  scientific  movement. 

2.  The  Value  of  Science.  —  The  importance  of  science 
in  changing  the  relations  of  men  to  the  physical  universe 
about  them  is  exvsy  to  discern  an<l  is  generally  more  or  less 
recognized.  That  the  present  condilions  of  life  are  better 
than  tho,se  which  prevailed  in  earlier  times  proves  the  value 
of  science,  and  tlie  more  it  is  considered  from  tliis  point  of 
view,  the  more  valuable  it  is  found  to  lie. 

The  changes  in  the  mode  uf  living  of  man  which  science 
has  brought  about,  will  probably  in  the  course  of  time  give 
rise  to  marked  alterations  in  his  physique;  for,  the  better 
food  supply,  sheltei',  clothing,  and  sanitation  which  have 
recently  been  introduced  as  a  consequence  of  scientific  dis- 
coveries, correspond  in  a  measure  to  the  means  by  which  the 
beat  breeds  of  domestic  animals  have  been  developed,  and 
without  which  they  degenerate  toward  the  wild  stock  from 
which  they  have  been  derived.  And  probably,  also,  as  the 
factors  which  cau.se  changes  in  living  organisms  Iwcome 
better  known  through  scientific  in\'estigations,  man  will 
consciously  direct  his  own  evolution. 
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But  there  is  another  less  speculative  respect  in  which 
science  is  important  and  in  which  its  importance  will  enor- 
mously increase.  It  has  a  profoimd  influence  on  the  minds 
of  those  who  devote  themselves  to  it,  and  the  number  of 
those  who  are  interested  in  it  is  rapidly  increasinj?.  In  the 
first  place,  it  exiilts  trutli  and  honestly  seeks  it,  wherever  the 
search  maj'  lead.  In  the  second  place,  its  subject  matter 
oft«n  gives  a  breadth  of  vision  which  is  not  otherwise  ob- 
tained. For  example,  the  complexity  and  adaptability  of 
living  lieings,  the  irre-sistible  forces  which  elevate  the  moun- 
tains, or  the  majestic  motions  of  th(!  stars  open  an  intellectual 
horizon  far  boy<md  that  which  bolongs  to  the  ordinary  af- 
fairs of  life.  The  conscioas  and  deliberate  search  for  truth 
and  the  contemplation  of  the  wonders  of  nature  change  the 
mental  habits  of  a  man.  They  tend  to  make  liim  honest 
with  himself,  just  in  Iiis  judgment,  and  serene  in  the  midst 
of  petty  annoyances.  In  short,  the  .study  of  science  makes 
character,  as  is  splendidly  illu.strateil  in  the  hves  of  many 
celebratetl  scientific  men.  It  would  undoubtedly  be  of  very 
great  Isenefit  to  the  world  if  every  one  could  have  the  dis- 
cipline of  the  sincere  and  honest  search  for  the  trutli  which 
j»  given  by  scientific  study,  and  the  broadening  influence  of 
an  acquaintance  with  scientific  theories. 

There  is  an  important  jxjssible  indirect  effect  of  science 
on  the  intellectual  development  of  manldnd  which  should 
not  l)e  overlooked.  One  of  the  results  of  scientific  discoveries 
has  Ijeen  the  greatly  increased  productivity  of  the  human 
race.  All  of  the  ncces.sities  of  life  and  many  of  its  luxuries 
can  now  be  supplie<l  by  the  expenditiu-e  of  much  less  time 
than  was  formerly  required  to  produce  the  bare  means  of 
existence.  This  leaves  more  leisure  for  intellectual  pursuits. 
Aside  from  its  direct  effects,  this  is,  when  considered  in  its 
broad  asi)ects,  the  most  important  benefit  conferretl  by 
science,  because,  in  the  final  analysis,  intellectual  experiences 
are  the  only  things  in  which  men  have  an  interest.  .\s  an 
illustration,  any  one  would  prefer  a  normal  conscious  life 
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for  one  year  rather  than  an  existence  of  five  hundred  years 
with  the  certainty  that  he  would  be  completely  unconscious 
during  the  whole  time. 

It  is  often  supposed  that  science  and  the  fine  arts,  whose 
importance  every  one  recognizes,  are  the  antitheses  of  each 
other.  The  arts  are  believed  to  be  warm  and  human,  — 
science,  cold  and  austere.  This  is  very  far  from  being  the 
case.  While  science  is  exacting  in  its  demands  for  pre- 
cision, it  is  not  insensible  to  the  beauties  of  its  subject.  In 
all  branches  of  science  there  are  wonderful  harmonies  which 
appeal  strongly  to  those  who  fully  comprehend  them.  Many 
of  the  great  scientists  have  expressed  themselves  in  their 
writings  as  being  deeply  moved  by  the  aesthetic  side  of  their 
subject.  Many  of  them  have  had  more  than  ordinary  taste 
for  art.  Mathematicians  are  noted  for  being  gifted  in  music, 
and  there  are  numerous  examples  of  scientific  men  who 
were  fond  of  painting,  sculpture,  or  poetry.  But  even  if 
the  common  opinion  that  science  and  art  are  opposites  were 
correct,  yet  science  would  contribute  indirectly  to  art  through 
the  leisure  it  furnishes  men. 

3.  The  Origin  of  Science.  —  It  is  doubtful  if  any  impor- 
tant scientific  idea  ever  sprang  suddenly  into  the  mind  of  a 
single  man.  The  great  intellectual  movements  in  the  world 
have  had  long  periods  of  preparation,  and  often  many  men 
were  groping  for  the  same  tnith,  without  exactly  seizing  it, 
before  it  was  fully  comprehended. 

The  foundation  on  which  all  science  rests  is  the  principle 
that  the  universe  is  orderly,  and  that  all  phenomena  succeed 
one  another  in  harmony  with  invariable  laws.  Consequently, 
science  was  impossible  until  the  truth  of  this  principle  was 
perceived,  at  least  as  applied  to  a  limited  part  of  nature. 

The  phenomena  of  ordinary  observation,  as,  for  example, 
the  weather,  depend  on  such  a  multitude  of  factors  that  it 
was  not  easy  for  men  in  their  primitive  state  to  discover 
that  they  occur  in  harmony  with  fixed  laws.  This  was  the 
age  of  superstition,  when  nature  was  supposed  to  be  con- 
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trolled  by  a  great  number  of  capricious  gods  whose  favor 
could  be  won  by  cliiklisli  ceremonies.  Enormous  experience 
wius  required  to  dispel  such  errors  and  to  convince  men  that 
the  universe  is  one  vast  organization  whose  changes  take 
place  in  conformity  with  laws  which  they  can  in  no  way 
alter. 

The  actual  dawn  of  science  wa.s  in  prehistoric  times, 
probably  in  the  civilizations  that  flourished  in  the  valleys 
of  the  Nile  and  the  Euphrates.  In  the  very  earliest  records 
of  these  people  that  have  come  tlown  to  modern  times  it  is 
found  that  they  were  acquaintwl  with  ninny  astronomical 
phenomena  and  had  coherent  ideas  with  respect  to  the  mo- 
tions of  the  sun,  moon,  planets,  and  stars.  It  is  perfectly 
clear  from  their  writings  that  it  was  from  their  observations 
of  the  heavenly  Iwdies  that  they  first  obtained  the  idea  that 
the  universe  is  not  a  chaos.  Day  and  night  were  seen  to 
succeed  each  other  regularly,  the  moon  was  found  to  pass 
through  its  phases  systematically,  the  sea.sons  followed  one 
another  in  order,  and  in  fact  the  more  conspicuous  celestial 
phenomena  were  observed  to  occur  in  an  orderly  sequence. 
It  is  to  the  glory  of  astronomy  that  it  first  led  men  to  the 
conclusion  that  law  reigns  in  the  universe. 

The  ancient  Greeks,  at  a  period  four  or  five  hundred 
years  preceding  the  Christian  era,  definitely  undertook  to 
find  from  systematic  observation  how  celestial  ]>lienunu'na 
follow  one  another.  They  determitied  very  accurately  the 
numl)er  of  days  in  the  year,  the  period  of  the  moon's  revolu- 
tion, and  the  paths  of  the  sun  and  the  moon  among  the 
stars;  they  correctly  explained  the  cause  of  eclipses  and 
learned  how  to  predict  them  with  a  considerable  degree  of 
accuracy ;  they  undertook  to  mea.Hure  the  distances  to  the 
heavenly  Iwdies,  and  to  work  out  a  complete  system  that 
would  represent  their  motions.  The  idea  was  current  among 
the  Greek  philosophers  that  the  <>ar(h  was  spherical,  that  it 
turned  on  its  axis,  and,  among  some  of  them,  that  it  revolved 
around  the  sun.    They  had   true  science  in  the  modem 
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acci'ptanco  of  the  tprm,  but  it  was  largely  ('(jiifiiied  to  the 
rplatious  among  celestial  phenomena.  The  conception  that 
the  heavens  are  orderly,  which  they  definitely  formulated  and 
acted  on  with  remarkable  success,  has  been  extended,  espe- 
cially  in  the  last  two  centuries,  so  as  to  include  the  whole 
universe.  The  extension  wa.s  first  matle  to  the  inanimate 
world  and  then  to  the  more  comi)licated  phenomena  asso- 
ciated \vith  living  beings.  Every  increase  in  carefully 
recorded  experi<'nce  has  confirmeiJ  and  strengthened  the 
belief  that  nature  is  perfectly  onlerly,  until  now  every  one 
who  has  had  an  opportunity  of  becoming  familiar  with  any 
science  i.s  firml.y  convinced  of  the  truth  of  this  principle, 
which  is  the  basis  of  ail  .science. 

4.  The  Methods  of  Science.  —  Science  is  concerned  with 
the  relations  among  |iheiioniena,  ami  it  must  therefore  rest 
ultimately  upon  observations  and  experiments.  Since  its 
ideal  is  exactness,  the  observations  and  experiments  must 
be  made  with  all  possible  precision  and  the  results  must  be 
carefully  recorded.  These  principles  seem  perfectly  obvious, 
yet  the  worhl  has  often  ignored  them.  One  of  the  chief 
faults  of  the  scientists  of  ancient  times  was  that  they  indulged 
in  too  many  argumetits,  more  or  les.'*  metai)hysical  in  charac- 
ter, and  matle  too  few  app(^ak  to  what  woukl  now  seem  ob- 
vious observation  or  experiment.  \  great  English  philoso- 
pher, Roger  Bacon  (1214-1294),  made  a  powerful  argument 
in  favor  of  founding  science  and  philo.snphy  on  experience. 

It  must  not  be  supjKj.^ed  that  t  he  failure  to  rely  on  obser- 
vations and  experiment,  and  especially  to  record  the  results 
of  experience,  are  faults  that  the  world  ha.s  outgrown.  (7n 
the  contrary,  they  are  still  almost  universally  prevident 
among  men.  For  example,  there  are  many  persons  who  be- 
lieve in  dreams  or  premonitions  Ixwau-se  once  in  a  thousand 
eases  a  dream  or  a  premonition  comes  true.  If  they  had 
written  down  in  every  case  what  was  expected  and  what 
actually  hapi)ened,  the  absurdity  of  their  theory  would 
have  been  evident.    The  whole  mass  of  superstitions  with 
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which  mankinfl  lias  hurdeiiwl  itself  survives  only  because 
the  results  of  actual  ex]>prience  are  ignored. 

In  scientific  work  p:reat  precision  in  making  observations 
and  experiments  is  generally  of  the  highest  inifnirtance. 
Every  science  furnishes  examples  of  cases  where  the  data 
seemed  to  have  been  obtainetl  with  greater  exactness  than 
was  really  necessary',  and  where  later  the  extra  accuracy 
led  to  imjwrtant  discoveries.  In  this  way  the  foundation 
of  the  thet>rj'  of  the  motion  of  the  planets  was  laid.  Tycho 
Brahe  wa,s  an  (»bserver  not  only  of  extraordinary  iudusti-y, 
but  one  who  did  all  his  work  with  the  most  pain.staking  rare. 
Kepler,  who  had  been  his  i)upil  and  knew  of  liic  exr(>||ence 
of  his  measurements,  was  a  cf)mputer  who  sought  to  i>ring 
theorj'  and  observation  into  exact  harmony.  He  found  it 
impossible  by  means  of  the  epicycles  and  eccentrics,  which 
his  prcdece.s.sors  hat!  used,  to  represent  exactly  the  observa- 
tion of  Tycho  Brahe.  In  spite  of  the  fact  that  the  discrep- 
ancies were  small  and  might  easily  have  been  aseribed  to 
errors  of  observation,  Kepler  had  absolute  confiiience  in 
his  master,  and  by  repeated  trials  and  an  enormous  amount 
of  labor  he  finally  arrived  at  the  true  laws  of  planetary 
motion  (.\rt.  145).  These  laws,  in  the  hands  of  the  genius 
Newton,  led  directly  to  the  law  of  gravitation  and  to  the 
explanation  of  all  the  many  peculiarities  of  the  motions  of 
the  moon  and  planets  (Art.  146). 

Observations  alone,  however  carefully  they  may  have 
been  made  and  recorde<l,  do  not  constitute  .science.  First, 
the  phenomena  must  be  related,  and  then,  what  they  have 
in  common  must  be  perceived.  It  might  seem  that  it  would 
be  a  simple  matter  to  note  in  what  respects  phenomena  are 
amilar,  but  experience  has  showTi  that  only  a  very  few  have 
the  ability  to  discover  relations  that  are  not  already  known. 
If  this  were  not  true,  there  would  not  he  so  many  examples 
of  new  inventions  and  discoveries  depenfling  on  very  simple 
things  that  have  long  been  within  the  range  of  experience  of 
every  one.    .\fter  the  common  element  in   the  observed 
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phenomena  has  been  discovered  the  next  step  is  to  infer,  by 
the  process  known  as  induction,  that  the  same  thing  is  true 
in  all  similar  cases.  Then  comes  the  most  difficult  thing  of 
all.  The  vital  relationships  of  the  one  class  of  phenomena 
with  other  classes  of  phenomena  must  be  discovered,  ai)d 
the  several  classes  must  be  organized  into  a  coherent  whole. 

An  illustration  will  make  the  process  clearer  than  an 
extended  argimient.  Obviously,  all  men  have  observed 
moving  bodies  all  their  lives,  yet  the  fact  that  a  moving  body, 
subject  to  no  exterior  force,  proceeds  in  a  straight  line  with 
uniform  speed  was  not  known  until  about  the  time  of  Galileo 
(1564-1642)  and  Newton  (1643-1727).  When  the  result 
is  once  enunciated  it  is  easy  to  recall  many  confirmatory 
experiences,  and  it  now  seems  remarkable  that  so  simple 
a  fact  should  have  remained  so  long  undiscovered.  It  was 
also  noted  by  Newton  that  when  a  body  is  acted  on  by  a 
force  it  has  an  acceleration  (acceleration  is  the  rate  of 
change  of  velocity)  in  the  direction  in  which  the  force  acts, 
and  that  the  acceleration  is  proportional  to  the  magnitude 
of  the  force.  Dense  bodies  left  free  in  the  air  fall  toward 
the  earth  with  accelerated  velocity,  and  they  are  therefore 
subject  to  a  force  toward  the  earth.  Newton  observed  these 
things  in  a  large  number  of  cases,  and  he  inferred  by  induc- 
tion that  they  are  universally  true.  He  focused  particularly 
on  the  fa«t  that  everj'  body  is  subject  to  a  force  directed 
toward  the  earth. 

If  taken  alone,  the  fact  that  bodies  are  subject  to  forces 
toward  the  earth  is  not  so  very  important ;  but  Newton 
used  it  in  connection  with  many  other  phenomena.  For 
example,  he  knew  that  the  moon  is  revolving  around  the 
earth  in  an  approximately  circular  orbit.  At  P,  in  Fig.  3, 
it  is  moving  in  the  direction  PQ  around  the  earth,  E.  But 
it  actually  moves  from  P  to  R.  That  is,  it  has  fallen  toward 
the  earth  through  the  distance  QR.  Newton  perceived  that 
this  motion  is  analogous  to  that  of  a  body  falling  near  the 
surface  of  the  earth,  or  rather  to  the  motion  of  a  body  which 
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has  been  started  in  a  horiz'intal  direction  from  p  near  the 
surface  of  the  earth.  For,  if  the  body  were  started  hori- 
zontidly,  it  would  continue  in  the  straight  line  pq,  instead  of 
cur\'ing  downward  to  r,  if  it  were  not  acted  upon  by  a  force 
directed  toward  the  earth.  Newton  also 
knew  Kepler's  laws  of  planetary  motion. 
By  combining  with  wonderful  in.sight  a 
number  of  classes  of  phenomena  which 
before  his  time  had  been  supposed  to  be 
unrelatetl,  he  finally  arrived  at  the  law  of 
gravitation  —  "  Every  particle  of  matter 
in  the  universe  attracts  every  other  par- 
ticle with  a  force  which  is  directly  pro- 
portional to  the  product  of  their  musses 
and  inversely  proportional  to  the  square 
of  their  distance  apart."  Thus,  Vjy  per- 
ceiving the  essentials  in  many  kinds  of  Fio.  3.  —  The  motion 
phenomena  and  by  an  almoJt  uiiparal-  f  ^^  moon  from  p 
leled  stroke  of  genius  in  coml>iniiin  Ihcni,  lar  to  thm  of  u  body 
he  discovered  one  of  the  relations  which 
every  particle  of  matter  in  the  universe 
has  to  all  the  others.  By  means  of  the  laws  of  motion 
(Art.  40)  and  the  law  of  gravitation,  the  whole  problem  of 
the  motions  of  Ijodies  was  systematized. 

There  is  still  another  method  employed  in  science  which 
is  oft<?n  verj'  important.  After  general  principles  have 
been  discovered  they  can  l>e  ased  as  the  basis  for  detlucing 
particular  conclusions.  The  value  of  the  particular  cunclu- 
aions  may  consist  in  leading  to  the  accomplisliment  of  some 
desired  end.  For  example,  since  a  moving  body  tends  to 
continue  in  a  straight  line,  those  who  build  railways  place 
the  outside  rails  on  curves  higher  than  those  on  the  in- 
eide  so  that  trains  will  not  leave  the  track.  Or,  the 
knowledge  of  the  laws  of  projectiles  enables  gunners  to  hit 
in^n.sible  objects  whose  positions  are  known. 

The  value  of  particular  conclusions  may  consist  in  ena- 
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bling  men  to  adjust  theinst-lves  to  phenumi'ua  ovlt  which 
th(\v  have  no  control.  For  example,  in  many  Jiarbors  large 
huuls  can  enter  or  licpart  only  when  the  tide  is  hiRh,  ami  the 
knowledge  of  the  tiiuea  when  the  tides  will  be  high  is  valuable 
to  navigators.  After  the  laws  of  meteorology  have  become 
in<ire  perfectly  known,  so  that  approaching  storms,  or 
fnwt.s.  or  drouths,  or  hot  waves  can  be  accurately  foretold 
a  considerable  time  in  advance,  the  present  enormous  losses 
due  to  these  causes  will  be  avoided. 

The  knowle<lge  of  general  laws  may  lead  to  information 
regarding  things  wliich  are  altogether  inaccessible  to  obser- 
vation or  experiment.  For  exam])le,  it  is  very  important 
for  the  geologist  to  know  whether  the  interior  of  the  earth 
is  solid  or  liquid ;  and,  if  it  is  solid,  whether  it  is  eUustic  or 
viscous.  Although  at  first  ttiought  it  seems  imjwssible  to 
obtain  reliable  information  on  this  subject,  yet  by  a  number 
of  indirect  processes  (Arts.  25,  26)  basetl  on  laws  established 
from  observation,  it  has  been  possible  to  prove  with  cer- 
tainty that  the  earth,  through  and  through,  i.s  about  as 
rigid  as  steel,  and  that  it  is  highly  elastic. 

.\notlier  imjxirlant  use  of  the  tlediictive  ])rocess  in  science 
is  in  drawing  cons(>quences  of  a  theory  which  must  be  ful- 
filled in  experience  if  the  theory  is  correct,  and  which  may 
fail  if  it  is  false.  It  is,  indeed,  the  most  efficient  means  of 
testing  a  theory.  Some  of  the  mo.st  noteworthy  examples 
of  its  application  have  been  in  connection  with  the  law  of 
gravitation.  Time  after  time  rnatheniatieians,  using  this 
law  as  a  basis  for  their  lieductions,  have  pretlieted  phenom- 
ena thAt  had  not  been  observed,  and  time  after  time  their 
predictions  have  been  fnlfillfHl.  This  is  one  of  the  reasons 
why  the  truth  of  the  law  of  gravitation  is  regarded  as  having 
been  firmly  established. 

5.  The  Imperfections  of  Science.  —  One  of  the  char- 
acteristics of  science  is  its  perfect  candor  and  fairness.  It 
would  not  be  in  harmony  with  its  spirit  to  attempt  to  lead 
one  to  suppose  that  it  does  not  have  sources  of  weakness. 
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Besides,  if  it-s  posi^ihlc  imperrfctions  arc  an.Hlyzod,  they  can 
be  more  ciu«;ily  avoided,  ami  tlie  real  nature  of  the  final 
conclusiona  will  W  better  underatuo*!. 

It  mast  be  observed,  in  the  first  jdaee,  that  seienee  fon- 
ts of  men's  theories  regardinp;  what  is  true  in  the  universe 
about  them.  These  theories  are  based  on  observation  and 
experiment  and  are  subject  t^)  the  errors  and  incompleteness 
of  the  data  on  whieh  they  are  fdunded.  Tiie  faet  that  it 
is  not  easy  to  record  exart[\-  what  one  may  have  attempted 
to  observe  is  illustrated  by  the  riivergence  in  the  accounts 
of  different  Avitnesses  of  anything  except  tin-  must  trivial 
occurrence.  Since  men  arc  far  from  l)einK  perfect,  errors 
in  the  observations  caniiof  ite  ciilirely  avnided,  hut  in  good 
science  every  pos^ihlc  means  is  taken  fnr  eliuiinating  them. 
In  addition  to  this  source  of  error,  there  is  another  more 
insidious  (me  that  depends  u]n>n  the  fact  that  observational 
data  are  often  collecttxl  for  the  purpose  of  testing  a  specific 
theory.  If  the  theory  in  question  is  due  to  the  one  who  is 
making  the  observations  or  experiments,  it  is  especially 
difiicuit  for  him  to  secure  data  uuinlhienced  ijy  his  bias  in 
its  favor.  And  even  if  the  observer  is  not  the  author  of  the 
theory  to  which  the  observations  relate,  he  is  very  apt  to  be 
prejudiced  either  in  its  favor  or  against  it. 

Even  if  the  data  on  whieh  science  is  based  were  always 
correct,  they  would  not  be  absolutely  exhaustive,  and  the 
inductions  to  general  principles  from  them  wuul<l  be  sub- 
jet^t  to  corresponding  uncertainties.  Similarly,  the  genera! 
principles,  derived  from  various  classes  of  phenomena,  which 
are  use<l  in  formulating  a  complete  scientific  theory,  do  not 
include  all  the  principles  which  are  involved  in  the  particular 
domain  of  the  theorj'.  Consequently  it  may  be  imperfect 
for  this  reason  also. 

The  sources  of  error  in  scientific  theories  which  have  been 
enumerated  are  fundamental  and  will  always  exist.  The 
best  that  can  Ix"  done  is  to  recfjgnii'.e  their  existence  and  to 
oiinimize  their  effects  by  all  pos.sible  means.    The  fact  that 
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science  is  subject  to  imperfections  does  not  mean  that  it  is 
of  little  value  or  that  less  effort  should  be  put  forth  in  its 
cultivation.  Wood  and  stone  and  brick  and  glass  have 
never  been  made  into  a  perfect  house ;  yet  houses  have  been 
very  useful  and  men  will  continue  to  build  them. 

There  are  many  examples  of  scientific  theories  which  it 
has  been  found  necessary  to  modify  or  even  to  abandon. 
These  changes  have  not  been  more  numerous  than  they 
have  been  in  other  domains  of  human  activities,  but  they 
have  been,  perhaps,  more  frankly  confessed.  Indeed,  there 
are  plenty  of  examples  where  scientists  have  taken  evident 
satisfaction  in  the  alterations  they  have  introduced.  The 
fact  that  scientific  theories  have  often  been  found  to  be 
imperfect  and  occasionally  positively  wrong,  have  led  some 
persons  who  have  not  given  the  question  serious  consideration 
to  suppose  that  the  conclusions  of  science  are  worthy  of  no 
particular  respect,  and  that,  in  spite  of  the  pretensions  of 
scientists,  they  are  actually  not  far  removed  from  the  level 
of  superstitions.  The  respect  which  scientific  theories 
deserve  and  the  gulf  that  separates  them  from  superstitions 
will  be  evident  from  a  statement  of  their  real  nature. 

Suppose  a  person  were  so  situated  that  he  could  look 
out  from  an  upper  window  over  a  garden.  He  could  make 
a  drawing  of  what  he  saw  that  would  show  exactly  the  relative 
positions  of  the  walks,  shrubs,  and  flowers.  If  he  were  color 
blind,  the  drawing  could  be  made  in  pencil  so  as  to  satisfy 
perfectly  all  his  observations.  But  suppose  some  one  else 
who  was  not  color  blind  should  examine  the  drawing.  He 
would  legitimately  complain  that  it  was  not  correct  because 
the  colors  were  not  shown.  If  the  colors  were  correctly  given, 
both  observers  would  be  completely  satisfied.  Now  suppose 
a  third  person  should  look  at  the  drawing  and  should  then 
go  down  and  examine  the  garden  in  detail.  He  would  find 
that  the  various  objects  in  it  not  only  have  positions  but 
also  various  heights.  He  would  at  once  note  that  the 
heights  were  not  represented  in  the  drawing,  and  a  little 
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reflection  would  convince  him  that  the  three-dimensional 
garden  could  not  be  completely  represented  in  a  two-dimen- 
sional drawing.  He  would  claim  that  that  method  of  trjing 
to  give  a  correct  idea  of  what  was  in  the  garden  was  funda- 
mentally wrong,  and  he  might  suggest  a  model  of  suitable 
material  in  three  dimensions.  Suppose  the  three-dimen- 
sional model  were  made  satisfying  the  third  observer.  It  is 
important  to  note  that  it  would  correctly  represent  all  the 
relative  positions  observed  by  the  first  one  and  all  the  colors 
observed  by  the  second  one,  as  well  as  the  additional  in- 
formation obtained  by  the  third  one. 

A  scientific  theory  is  founded  on  the  work  of  one  or  more 
persons  having  only  limited  opportunities  for  observation 
and  experiment.  It  is  a  picture  in  the  imagination,  not  on 
paper,  of  the  portion  of  the  universe  under  consideration.  It 
represents  all  the  ob.served  relations,  and  it  is  assumed  that 
it  will  represent  the  relations  that  might  be  obscr\-ed  in 
all  similar  circumstances.  Suppose  some  new  facts  are 
rjdiiscovered  which  arc  not  covered  by  the  theory,  just  as  the 
'"•econd  oljservcr  in  the  garden  saw  colors  not  seen  by  the 
first.     It  will  be  necessary  to  change  the  scientific  theory  so 

1  to  include  them.    Perhaps  it  can  be  done  simply  bj*  adding 

the  theory.  But  if  the  new  facts  correspond  to  the  (lungs 
discovered  by  the  third  ob.server  in  the  garden,  it  will  be 
necessarj'  to  abandon  the  old  theory  and  to  construct  an 
entirely  new  one.  The  new  one  must  preserve  all  the  rela- 
tions represented  by  the  old  one,  and  it  must  represent  the 
new  ones  a,s  well. 

In  the  light  of  this  discussion  it  may  be  asked  in  what 
sense  scientific  theories  are  true.  The  answer  is  that  they 
are  all  true  to  the  extent  that  they  picture  nature.  The 
relations  are  the  important  things.  When  firmly  established 
they  are  a  permanent  acquisition ;  however  the  mode  of 
representing  them  may  change,  they  remain.  A  scientific 
theory  is  a  convenient  and  very  useful  way  of  describing  the 
relations  on  which  it  is  based.     It    correctly  represents 
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them,  and  in  this  respect  differs  from  a  superstition  which 
is  not  completely  in  harmony  with  its  nwn  data.  It  implies 
many  additional  things  and  leads  to  their  investigation.  If 
the  implications  are  found  to  hold  true  in  experience,  the 
theory  is  strengthened  ;  if  not,  it  nuist  lie  nuidified.  Hence, 
there  should  Ke  no  reproach  in  the  fact  that  a  scientific 
tlicory  must  he  altered  or  abandoned.  The  necessity  for 
such  a  procedure  means  that  new  information  hiis  been 
obtained,  iMtt  that  the  old  was  false.' 

6.  Great  Contributions  of  Astronomy  to  Science.  —  As 
was  ex)>lained  in  Art.  '-i,  sriencc  startcfi  in  astronomy.  Many 
astronDmicnl  piienomena  are  su  simple  that  it  was  po.ssible 
for  primitive  people  to  get  the  idea  from  observing  them 
that  the  universe  is  orderly  arnl  that  they  could  discover  its 
laws.  In  other  sciences  there  are  so  many  varying  factors 
that  the  uniformity  in  a  succession  of  events  would  not  be 
discovered  by  those  who  were  not  deliberately  looking  for  it. 
It  is  sufficient  to  consider  the  excessive  complexities  of  the 
weather  or  of  the  developments  of  plants  or  animals,  to  see 
how  hopeless  would  be  the  problem  which  a  peojile  with- 
out a  start  on  science  would  face  if  they  were  cut  off  from 
celestial  phenomena.  It  is  certain  that  if  the  sky  had  al- 
ways been  covereii  by  clouds  so  that  men  could  not  have 
observer!  the  regular  motions  of  the  sun,  moon,  and  stars, 
the  dawn  of  science  would  have  been  very  much  delayed. 
It  is  entirely  possilile,  if  not  probable,  that  without  the  help 
of  astronomy  the  science  of  the  human  race  would  yet  be  in 
a  very  primitive  state. 

Astronomy  has  made  positive  and  important  contribu- 
tions to  science  within  historical  times.  Spherical  trigo- 
nometry was  inventeii  and  developetl  because  of  its  uses  in 
determining  the  relations  among  the  stars  on  the  vault  of 
the  heavens.     Very  many  things  in  calculus  and  still  higher 

■  The  comparison  of  oricntific  theorion  with  the  picture  of  the  objecta 
Been  in  the  uordeu  is  for  the  jiurimse  of  making  dear  one  of  their  particular 
feulurcx.  It  must  Ix-  remenitKTcd  thut  in  most  re.spert.-i  the  comparison 
with  so  trivial  u  thing  ia  very  imperfect  and  unfair  to  science. 
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branches  of  mathematics  were  suggested  by  astronomical 
problems.  Tiie  mathpmatical  processes  developed  for  astro- 
nomical applicatioas  are,  of  course,  available  for  use  in 
other  fieldf*.  But  the  great  science  of  mathematics  does 
not  exist  alone  for  its  applications,  and  to  have  stimulated 
its  growth  is  an  important  contribution.  While  many 
part-s  of  mathematics  did  not  have  their  origin  in  astro- 
nomical problems,  it  is  certain  that  had  it  not  been  for  these 
problems  mathematical  science  would  be  very  different  from 
what  it  now  is. 

The  science  of  djTiamics  is  based  on  the  laws  of  motion. 
These  laws  were  first  completely  formulated  by  Newton, 
who  discovered  them  and  provctl  their  correctness  by  con- 
sidenng  the  revolutions  of  the  moon  and  planets,  which 
desi'ribe  their  orl)it.-<  under  the  ideal  condition  of  motion  in  a 
vacuum  without  any  friction.  The  immense  importance 
of  mechanics  in  m<»dern  life  is  a  measure  of  the  value  of  this 
contribution  of  astronomy  to  science.. 

The  scien<'e  of  geography  owes  much  to  astronomy,  both 
directly  and  indirectly.  A  great  period  of  exploration  fol- 
lowe<l  the  voyages  of  Columbus.  It  took  courage  of  the 
highest  order  to  sail  fur  many  weeks  over  an  unknown  ocean 
in  the  frail  lioats  of  his  time.  He  had  good  reasons  for  think- 
ing he  could  reach  India,  to  the  eastward,  by  sailing  west- 
ward from  Spain.  His  rea-^^ons  were  of  an  astronomical 
nature.  He  had  seen  the  sun  rise  from  the  ocean  in  the 
east,  travel  across  the  sky  and  set  in  the  west ;  he  had  ob- 
served tliat  the  moon  and  stars  have  .similar  motions;  and 
be  inferred  from  these  things  that  the  earth  was  of  finite  ex- 
tent and  that  the  heavenly  l>odies  moved  around  it.  This 
led  him  t"  believe  it  could  be  circumnavigated.  Relying 
upon  the  conclusions  that  he  drew  from  his  observations  of 
the  motions  of  the  heavenly  bodies,  he  maintained  control 
of  his  mutinous  sailors  during  their  perilous  voyage  across 
the  Atlantic,  and  made  a  discovery  that  has  been  of  immense 
consequence  to  the  human  race. 
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One  of  the  most  important  influences  in  modem  scientific 
thought  is  the  doctrine  of  evolution.  It  has  not  only  largely 
given  direction  to  investigations  and  speculations  in  biology 
and  geology,  but  it  has  also  been  an  important  factor  in  the 
interpretation  of  history,  social  changes,  and  even  religion. 
The  first  clear  ideas  of  the  orderly  development  of  the  uni- 
verse were  obtained  by  contemplating  the  relatively  simple 
celestial  phenomena,  and  the  doctrine  of  evolution  was  cur- 
rent in  astronomical  literature  more  than  half  a  century 
before  it  appeared  in  the  writings  of  Darwin,  Spencer,  and 
their  contemporaries.  In  fact,  it  was  carried  directly  from 
astronomy  over  into  geology,  and  from  geology  into  the 
biological  sciences  (Art.  242). 

7.  The  Present  Value  of  Astronomy.  —  From  what  has 
been  said  it  will  be  admitted  that  astronomy  has  been  of 
great  importance  in  the  development  of  science,  but  it  is 
commonly  believed  that  at  the  present  time  it  is  of  little 
practical  value  to  mankind.  While  its  uses  are  by  no 
means  so  numerous  as  those  of  physics  and  chemistry,  it 
is  nevertheless  quite  indispensable  in  a  number  of  human 
activities. 

Safe  navigation  of  the  seas  is  absolutely  dependent  upon 
astronomy.  In  all  long  voyages  the  captains  of  vessels 
frequently  determine  their  positions  by  observations  of  the 
celestial  bodies.  Sailors  use  the  nautical  mile,  or  knot, 
which  approximately  equals  one  and  one  sixth  ordinary 
miles.  The  reason  they  employ  the  nautical  mile  is  that  this 
is  the  distance  which  corresponds  to  a  change  of  one  minute 
of  arc  in  the  apparent  positions  of  the  heavenly  bodies. 
That  is,  if,  for  simpUcity,  the  sun  were  over  a  meridian,  its 
altitude  as  observed  from  two  vessels  a  nautical  mile  apart 
on  that  meridian  would  differ  by  one  minute  of  arc. 

Navigation  is  not  only  dependent  on  simple  observations 
of  the  sun,  moon,  and  stars,  but  the  mathematical  theory 
of  the  motions  of  these  bodies  is  involved.  The  subject  is 
so  difficult  and  intricate  that  for  a  long  time  England  and 
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France  offered  substantial  cash  prizes  for  accurate 
the  positions  of  the  moon  for  the  use  of  their  sailors 

Just  as  a  sea  captain  determines  his  position  by  astro- 
nomical observations,  so  also  are  geographical  positions 
located.  For  example,  explorers  of  the  polar  regions  find 
how  near  they  have  approached  to  the  pole  by  observations 
of  the  altitude  of  the  sun.  International  Imundary  Hnes  in 
many  cases  are  defined  bj'  latitudes  and  longitudes,  instead 
of  being  determined  by  natural  barriers,  as  rivers,  and  in  all 
such  cases  they  are  located  by  a.^tronomical  observations. 

It  might  be  supposed  that  even  though  astronomy  is  essen- 
tial to  navigation  and  geographj-,  it  has  no  value  in  the 
ordinary  activities  of  Ufe.  Here,  again,  first  impres.sions  are 
erroneous.  It  is  obvious  that  railway  trains  must  be  run  ac- 
cording to  accurate  time  schedules  in  order  to  avoid  confusion 
and  wrecks.  There  are  also  many  other  things  in  which  accurate 
time  is  important.  Now,  time  is  determined  by  observations 
of  the  stars.  The  millions  of  clocks  ;ind  watches  in  use  in 
the  world  are  all  ultimately  corrected  and  controlled  by 
comparing  them  with  the  apparent  diurnal  motions  of  the 
For  example,  in  the  United  States,  observations  are 
le  by  the  astronomers  of  the  Naval  Observatorj',  at 
Washington,  on  every  clear  night,  and  from  these  observa- 
tions their  clocks  are  corrected.  These  clocks  are  in  elec- 
trical connection  with  more  than  30,000  other  clocks  in 
various  parts  of  the  country.  Everj'  day  time  signals  are 
sent  out  from  Washington  and  these  30,000  clocks  are 
automatically  corrected,  and  all  other  timepieces  are 
directly  or  indirectly  compared  with  them.      ' 

It  might  be  inquired  whether  some  other  means  might 
not  be  devised  of  mea-suring  time  accurately.  It  might  be 
supposed  that  a  clock  could  be  made  that  would  run  so 
acciirately  as  to  serve  all  practical  purposes.  The  fact  is, 
however,  no  clock  ever  wa.*<  made  which  ran  accurately  for 
any  con.«ideralile  length  of  time.  No  two  clocks  have  been 
made  which  ran  exactly  aUke.  In  order  to  obtain  a  satis- 
c 
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factory  meaMirc  of  time  it  is  nwessarj'  to  spcure  the  icleal 
conditions  under  which  the  earth  rotatets  and  the  heavenly 
bodi&s  move,  and  there  is  no  prospect  that  it  ever  will  be 
possible  to  use  anything  else,  as  the  fundamental  basis,  than 
the  apparent  motions  of  the  stars. 

Astronomy  is,  and  will  continue  to  be,  of  great  importance 
in  connection  with  other  sciences.  It  supplies  most  of  the 
fundamental  facts  on  which  meteorolnpy  depends.  It  is 
of  great  value  to  geology  because  it  furnishes  the  geologist 
information  res]>ecting  the  origin  and  ])re-gcolngic  history 
of  the  earth,  it  rletermines  for  him  the  size  and  shape  of  the 
earth,  it  measures  the  maxs  of  the  earth,  and  it  proves  impor- 
tant facts  respecting  the  condition  of  the  earth's  interior. 
It  is  valuable  in  physics  and  cliemistry  because  the  universe 
is  a  great  lalwratory  which,  with  modern  instruments,  can 
be  brought  to  a  consideralile  extent  within  reach  of  the 
investigator.  For  example,  the  sun  is  at  a  higher  tempera- 
ture than  can  Ik-  produced  l>y  any  known  means  on  the 
earth.  The  material  of  which  it  is  composed  is  in  an  incan- 
descent state,  and  the  study  of  the  light  reccivcni  from  it  has 
proved  the  existence,  in  n  number  of  instances,  of  chemical 
elements  which  had  not  been  known  on  the  earth.  In  fact, 
their  discovery  in  ihe  sun  lefl  to  their  detection  on  the  earth. 
It  .seem.s  probable  that  similar  discoveries  will  be  made  many 
times  in  the  future.  The  sun's  corona  and  the  nebulie 
contain  material  which  seems  to  be  in  a  more  primitive  state 
than  any  known  on  the  earth,  and  the  revelations  afforded 
by  these  objects  are  ha^ang  a  great  influence  on  physical 
theories  respecting  the  ultimate  structure  of  matter. 

A.stronomy  is  of  greatest  value  to  mankind,  however,  in 
an  intellectual  way.  It  furnishes  men  with  an  idea  of  the 
wonderful  universe  in  which  they  live  and  of  their  position 
in  it.  Itfl  effects  on  them  are  analogous  to  those  which  are 
produce<l  by  travel  ftn  the  earth.  If  a  man  visits  various 
countries,  heleanis  many  things  which  he  does  not  imd  can- 
not apply  on  his  return  home,  but  which,  nevertheless, 
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make  him  a  broader  and  better  man.  Similarly,  though 
what  one  may  learn  about  tliu  millions  of  worlda  which 
occupy  the  almost  infinite  space  within  reach  of  the  great 
telescopes  of  motlern  times  cannot  be  directly  applied  in  the 
ordinary  afifairs  of  life,  j'ct  the  contemplation  of  such  things, 
in  which  there  is  never  anything  that  is  low  or  mean  or  sordid, 
makes  on  him  a  profound  impression.  It  strongly  mudifies 
the  particular  philosophy  which  he  lia.s  more  or  less  definitely 
formulated  in  his  consciousness,  and  in  harmony  with  which 
be  orders  his  life. 
8.  The  Scope  of  Astronomy.  —  Tlie  popular  conception 
I  of  astronomy  is  that  it  deals  in  some  vague  and  speculative 
^H  way  with  the  stars.  Since  it  is  obviously  impo.ssible  to 
^B  visit  them,  it  is  supposed  that  all  conclusions  respecting  them, 
^m  except  the  few  facts  revealed  directly  by  telescopes,  are  pure 
^Kf^MBBB.  Many  people  suppose  that  astronomers  ordinarily 
^VchgBge  in  the  harmless  and  useless  pastime  of  gazing  at  the 
^H  stars  with  the  hope  of  discovering  a  new  one.  Many  of  those 
^^   who  do  not  have  this  view  supjwse  that  Jistronomers  control 

I  the  weather,  can  tell  fortunes,  and  are  very  shrewd  to  have 
discovered  the  names  of  so  many  stars.  As  is  true  of  most 
conclusions  that  are  not  based  on  evidence,  these  conceptions 
of  astronomy  and  astronomers  are  absurd. 
Astronomy  contains  a  great  maiss  of  firmly  established 
fttcU-.  Astronomers  demand  as  much  evidence  in  support 
of  their  theories  as  is  required  by  other  scientists.  They 
have  actually  measured  the  distances  to  the  moon,  sun,  and 
many  of  the  stars.  Thej'  have  tiiscovered  the  laws  of  their 
motions  and  have  determined  the  masses  of  the  principal 
members  of  the  solar  system.  The  preci.sion  attained  in 
much  of  their  work  is  beyond  that  realized  in  most  other 
sciences,  and  their  gre-atest  interest  is  in  measurable  things 
,&nd  not  in  vague  speculations. 

A  more  extended  preliminary  statement  of  the  scope  of 
[astronomy  is  necessary  in  ortier  that  its  study  may  be  entered 
[  oo  without  misunderstandings.     Besides,  the  relations  among 
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the  facts  with  which  a  science  deals  are  very  important, 
and  a  preliminary  outhne  of  the  subject  will  make  it  easier 
to  place  in  their  proper  position  in  an  organized  whole  all 
the  various  things  which  may  be  set  forth  in  the  detaile^^ 
discussions.  ^H 

The  most  accessible  and  best-known  astronomical  object 
is  the  earth.     Tho.ie  facts  respecting  it  that  are  determiiuHi 

entirely  or  in  large 
part  by  astronomical 
means  are  properly 
regarded  as  belong- 
ing to  astronomy. 
Among  them  are  the 
shape  and  size  of 
the  earth,  its  average 
density,  the  condition 
of  its  interior,  the 
height  of  its  atmos- 
phere, its  rotation  on 
its  axis  and  revolu- 
tion around  the  sun, 
and  the  climatic  con- 
ditions of  its  surface 
so  far  aa  they  are 
determine!.!  bj'  its  re- 
lation to  the  sun. 

The  nearest  celes- 
tial body  is  the 
moon.  Astronomers 
have  found  by  fundamentally  the  same  methods  as  those 
wiiich  surveyors  employ  that  its  distance  from  the  earth 
averages  about  240,000  miles,  that  its  diameter  is  about 
2160  miles,  and  that  its  mass  is  alwut  one  eightieth  that  of 
the  earth.  The  earth  holds  the  moon  in  its  orbit  by  its  gravi- 
tational control,  and  the  moon  in  turn  causes  the  tides  on  the 
earth.     It  is  found  that  there  is  neither  atmosphere  nor  water 


Fig.  4.  —  The  moon  1.5  days  after  the  first 
quarter  Fhuluoraphcd  ivilh  the  ^O-iitch 
tctmcupe  of  llie   Yrrktu  Uluirvatoru. 
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the  moon,  and  the  telcscopp  shows  that  its  surface  is 
vered  with  mountains  and  circular  depressions,  many  of 
eat  size,  wliich  are  calleii  craters. 

The  earth  is  one  of  the  eight  planets  which  revolve  around 
the  sun  in  nearly  circular  orbits.  Three  of  them  are  smaller 
than  the  earth  and  four  are  larger.  The  smallest,  Mercury, 
has  a  volume  about  one  twentieth  that  of  the  earth,  and  (he 
largest,  JujHter,  has  a  volume  about  mn-  thnnsami  limes  that 
of  the  earth.  The  great  sun,  whose  mass  is  seven  hundred 
times  that  of  all  of  the  planets  combined,  holds  them  in  their 
orbits  and  Ughts  and  warms  them  with  its  abundant  rays. 
hose  nearest  the  sun  are  heated  much  more  than  the  earth, 
t  remote  Neptune  gets  only  one  nine-hundredth  as  much 
ight  and  heat  per  unit  area  as  is  received  by  the  earth. 
Some  of  the  planets  have  no  moons  and  others  have  several. 
The  conditions  on  one  or  two  of  them  seem  to  be  perhaps 
favorable  for  the  development  of  life,  wliile  the  others  cer- 
tainly cannot  be  the  abode  of  such  Ufe  as  tiourishes  on  the 
th. 

In  addition   to   the   planet,s,  over  eight   hundred   small 

lanets,  or  planetoids,  and  a  great  number  of  comets  circu- 

t-e  around  the  sun  in  obedience  to  the  same  law  of  gravita- 

ion.     The  orbits  of  nearly  all  the  small  planets  lie  between 

the  orbits  of  Mars  and  Jupiter ;   the  orbits  of  the  comets  are 

;enerally  very  elongated  and  are  unr'elatetl  to  the  other 

emlx-rs  of  the  swtem.     The  jihenomena  presented  by  the 

mets,  for  example  the  behavior  of  their  tails,  raise  many 

interesting  and  puzzling  questions. 

The  dominant  member  of  the  solar  system  is  the  sun. 

ts  volume  is  more  than  a  million  times  that  of  the  earth, 

temperature  is  far  higher  than  any  that  can  be  produced 

'on  the  earth,  even  in  the  most  efficient  elwtrical  furnaces, 

,and  its  surface  is  disturbed  by  the  most  violent  storms. 

ten  masses  of  this  highly  hented   material,  in  volumes 

,ter  than  the  whole  .earth,  mttve  along  or  spout  ui>  from 

rface  at  the  rate  of  several  hundreds  miles  a  minute. 
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The  spectroscope  shows  that  the  sun  i-untaiiis  iiiiiny  of  the 
elements,  particularly  the  metuls,  of  which  the  earth  is  com- 
fX)sed.  The  eonsideriition  of  the  jxissilih-  sourees  f»f  the 
sun's  heivt  leads  to  the  ctinclusion  tl>;it  it  has  supjjhed  the 
earth  with  radiant  energ>'-  for  many  millions  of  years,  and 
that  the  supply  will  not  fail  for  at  le:ust  a  number  of  milHon 
years  in  the  future. 

The  stars  that  seem  to  fill  the  sky  on  a  clear  night  are 
suns,  many  of  which  jirc  rnurh  larjier  and  marc  lirilliaiit  than 
our  own  sun.  They  a|)])ear  to  be  relatively  faint  ]>utnts  uf 
Ught  because  of  their  enormous  distances  from  us.  The 
nearest  of  them  is  so  remote  that  more  than  four  years  are 
required  for  its  tight  to  come  to  the  solar  system,  though 
light  travels  at  the  rate  of  18(),330  miles  per  second;  and 
others,  still  within  the  range  of  large  telescopes,  are  certainly 
a  thousand  times  more  distant.  At  these  vast  distances 
such  a  tiny  object  as  the  earth  would  be  entirely  invisible 
even  though  astronomers  possessed  telescopes  ten  thousand 
times  as  powerful  as  those  now  in  use.  Sumetimes  stars 
appear  to  be  close  together,  iis  in  the  ease  of  the  Pleiades,  but 
their  apparent  proximity  is  due  to  their  immense  distances 
from  the  olxserver.  There  arc  ttoubtless  regions  of  sjjace 
from  which  the  sun  would  seem  to  be  a  small  star  forming  a 
close  group  with  a  number  of  others.  There  are  vi^ible 
to  the  unaided  eye  in  all  the  sky  onlj-  about  50(N)  stars,  but 
the  great  photographic  telescopes  with  which  modern 
observatories  are  equipped  show  several  hundreds  of  miliinns 
of  them.  It  might  be  supjtosed  that  telescopes  with  twice 
the  light-gathering  [wwer  would  show  proportionately  more 
st-Jirs,  and  so  on  indefinitely,  but  this  is  cei-tainly  not  true, 
for  there  is  eviilence  that  points  to  the  conclusion  that  they 
do  not  extend  indefinitely,  at  least  with  the  frequency  with 
which  they  occur  in  the  region  around  the  sun.  The  vi.sible 
stars  are  not  uniformly  .scatteretl  throughout  the  space  which 
they  occupy,  but  form  a  great  tlisk-like  aggregation  Ijing  in 
the  plane  of  the  Milky  Way. 
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Many  stars,  instoad  of  lieing  single  isolatPtl  mas.«ps,  like 
le  sun,  are  found  on  examination  with  highly  magnifying 
I'lescopos  to  consist  of  two  suns  revolving  arounil  their 
•ommon  center  of  gravity.     In   most  eases  the  clistanees 

||)ptwe«'n  the  two  members  of  a  double  star  is  several  times 
great  as  the  distanee  from  the  earth  to  the  sun.  The 
Bxistenee  of  double  stars  which  may  be  much  closer  together 
than  those  which  are  visil)le  ttirough  telescopes  has  also 
been  .shown  by  means  of  instruments  called  spectroscopes. 
It  has  been  found  that  a  considerable  fraction,  probably 
sne  fourth,  of  all  the  nearer  stars  are  double  stars.  There 
ire  nl80   triple  and  quadruple  stars;    and   in  some  cases 

^thousands  of  suns,  all  invisible  to  the  unaided  eye,  occupy 
D  part  of  the  sky  apparently  smaller  than  the  moon.     Even 

I  in  such  cases  the  distances  lietween  the  stars  are  enormous, 

land  such  clusters,  as  they  are  called,  constitute  larger  and 
more  wonderful  aggregations  of  matter  than  any  one  ever 
dre!tm«'d    e.vi.sted    before   they  were    revealed   by  modem 

I  instruments. 

While  the  sun  is  the  center  aroimd  which  the  planets  and 

I  comet'i  revolve,  it  is  not  fixed  with  respect  to  the  other 
stars.  Observations  with  Iwtli  the  telescope  and  the  .spec- 
troscope prove  that  it  is  moNing,  with  respect  to  the  brighter 
stars,  approximately  in  the  direction  of  the  brilliant  V^ega 
in  the  consteJlation  Lyra.  It  is  found  by  use  of  the  spectro- 
scope that  the  rate  of  motion  is  about  40f),000,tM>0  miles 
per  year.  The  other  stars  are  also  in  motion  with  an  average 
velocity  of  about  fiOO,0()0,000  miles  per  year,  though  some  of 
them  move  much  more  slowly  than  this  and  some  of  them 
many  times  faster.  One  might  t  hink  that  the  great  speed  of 
the  sun  would  in  a  century  or  two  so  change  its  relations  to 

'  the  stars  that  the  appearance  of  the  sky  would  be  entirely 
altere<!.     But  the  stars  are  so  remote  that  in  compari.son  the 

[distance  traveletl  by  the  sun  in  a  year  is  neghgible.   When 

[those  who  built  the  pyramids  turned  their  eyes  to  the  sky 
«t  night  they  saw  the  stars  grouped  in  constellations  almost 
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exactly  as  they  are  seen  at  present.  During  the  time  cov- 
ered by  observations  accurate  enough  to  show  the  motion 
of  the  sun  it  has  moved  sensibly  in  a  straight  line,  though  in 
the  course  of  time  the  direction  of  its  path  will  doubtless  be 
changed  by  the  attractions  of  the  other  stars.  Similarly, 
the  other  stars  are  moving  in  sensibly  straight  lines  in  every 
direction,  but  not  altogether  at  random,  for  it  has  been  found 
that  there  is  a  general  tendency  for  them  to  move  in  two  or 
more  roughly  parallel  streams. 

In  addition  to  learning  what  the  universe  is  at  present, 
one  of  the  most  important  and  interesting  objects  of  astron- 
omy is  to  find  out  through  what  great  series  of  changes  it 
has  gone  in  its  past  evolution,  and  what  will  take  place  in  it 
in  the  future.  As  a  special  problem,  the  astronomer  tries 
to  discover  how  the  earth  originated,  how  long  it  has  been 
in  existence,  particularly  in  a  state  adapted  to  the  abode  of 
life,  and  what  rea.sonably  may  be  expected  for  the  future. 
These  great  problems  of  cosmogony  have  been  of  deep  inter- 
est to  mankind  from  the  dawTi  of  civilization ;  with  increasing 
knowledge  of  the  wonders  of  the  universe  and  of  the  laws 
by  which  alone  such  questions  can  be  answered,  they  have 
become  more  and  more  absorbingly  attractive. 

I.  QUESTIONS 

1.  Enumerate  as  many  ways  as  possible  in  which  science  is 
beneficial  to  men. 

2.  What  is  the  fimdamontal  basis  on  which  science  rests,  and 
what  are  its  chief  oharactoristics  ? 

3.  What  is  induction  7  Give  examples.  Can  a  science  be  de- 
veloped without  inductions  7    Are  inductions  always  true  7 

4.  What  is  deduction  7  Give  examples.  Can  a  science  be  de- 
veloped without  deductions  7    Are  deductions  always  true  7 

5.  In  what  respects  may  science  be  imperfect  7  How  may  its  im- 
perfections be  most  largely  ehminated  7  Are  any  human  activities 
perfect  7 

6.  Name  some  superstition  and  show  in  what  respects  it  differs 
from  scientific  conclusions. 

7.  Why  did  science  originate  in  astronomy  ? 
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8.  Are  conclusions  in  astronomy  firmly  estabUshed,  as  they  are 
in  other  sdenoes  7 

9.  In  what  fundamental  respects  do  scientific  laws  differ  from 
oivil  laws  ? 

10.  What  advantages  may  be  derived  from  a  preliminary  outline 
of  the  scope  of  astronomy  ?  Would  they  hold  in  the  case  of  a  sub- 
ject not  a  science  ? 

11.  What  questions  respecting  the  earth  are  properly  regarded 
as  belonging  to  astronomy?  To  what  other  sciences  do  they  re- 
spectively belong  ?  Is  there  any  science  which  has  no  common 
ground  with  some  other  science  ? 

12.  What  arts  are  used  in  astronomy?  Does  astronomy  con- 
tribute to  any  art? 

13.  What  references  to  astronomy  in  the  sacred  or  classical  litera- 
tures do  you  know  ? 

14.  Has  astronomy  exerted  any  influence  on  philosophy  and 
religion  ?    Have  they  modified  astronomy  ? 


CHAPTER  II 
THE  EARTH 

I.  The  Shape  op  the  Eabth 

9.  Astronomical  Problems  respecting  the  Earth.  —  The 
earth  is  one  of  the  objects  belonging  to  the  field  of  astronom- 
ical investigations.  In  the  consideration  of  it  astronomy 
has  its  closest  contact  with  some  of  the  other  sciences,  par- 
ticularly with  geology  and  meteorology.  Those  problems 
respecting  the  earth  that  can  be  solved  for  other  planets  also, 
or  that  are  essential  for  the  investigation  of  other  astronom- 
ical questions,  are  properly  considered  as  belonging  to  the 
field  of  astronomy. 

The  astronomical  problems  respecting  the  earth  can  be 
divided  into  two  general  chisses.  The  first  cla.ss  consists  of 
those  which  can  be  treated,  at  least  to  a  large  e.xtent,  w^ith- 
out  regarding  the  earth  as  a  member  of  a  family  of  planets 
or  considering  its  relations  to  them  and  the  sun.  Such  prob- 
lems are  its  shape  and  size,  its  ma.ss,  its  density,  its  interior 
temperature  and  rigidity,  and  the  constitution,  miuss,  height, 
and  effects  of  its  atmosphere.  These  problems  will  be  treated 
in  this  chapter.  The  secontl  class  consists  of  the  proljlems 
involved  in  the  relations  of  the  earth  to  other  bodies,  partic- 
ularly its  rotation,  revolution  around  the  sun,  and  the  con- 
sequences of  these  motions.  The  treatment  of  these  prob- 
lems will  be  reserved  for  the  next  chapter. 

It  would  be  an  ea.sy  matter  simply  to  state  the  astronom- 
ical facts  respecting  the  earth,  but  in  science  it  is  necessary 
not  only  to  say  what  things  are  true  but  also  to  ^ve  (he 
reasons  for  believing  that  they  are  true.  Therefore  one  or 
more  proofs  will  be  given  for  the  conclusions  astronomers 
have  reached  respecting  the  earth.    As  a  matter  of  logic 
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>rM"  complete  proof  is  sufficient,  hut  it  miist  be  remembered 

'that  a  scientific  (ioctrine  consists  of,  and  rests  on,  a  great 

number  of  theories  whose  truth  iiiiiy  be  more  or  less  in  ques- 

[tion,  and  consequently  a  nuralier  of  proofs  is  always  desir- 

fable.     If  they  agree,  their  agreement  confirms  belief  in  the 

latTuracy  of  all  of  them.     It  will  not  be  rcftanled  as  n  burden 

to  follow  carefully  these  proofs ;  in  fact,  one  who  ha-s  arrived 

nt  a  mature  stJige  of  intellectual  development  instinctively 

demands  the  reasons  we  have  for  believing  that  our  conclu- 

[sions  are  sound. 

10.  The  Simplest  and  most  Conclusive  Proof  of  the 
Earth's  Sphericity.'  —  Amorig  the  i)roofs  that  the  earth  is 
I  round,  the  simplest  and  mo.st  conclusive  is  that  the  plane  of 
Ihf  horiziin,  or  the  direction  of  the  plumb  line,  chnnges  by  an 
angle  which  is  direcily  proporliomd 
U)  the  disUtnte  the  observer  travels 
ahng  the  nurface  of  the  earth, 
whateuer  the  direction  and  distance 
of  trwel. 

It  will  be  shown  first  that  if 
Ihc  earth  were  a  true  sphere  the 
statement  would  be  true.  For 
simplicity,  suppt)sc  the  observer 
travels  along  a  meridian.  If  the 
statement  is  true  for  this  ca.se, 
it  will  be  tnie  for  all  others, 
because  a  sphere  has  the  same 
cur\'ature  in  everj'  direction. 
Suppose  the  observer  starts  from  Fio.  5.  —  The  olmngc  in  the  di- 

-,_,.,  ,   ,  ,  ,1  ,        rection  of   the   plumti    lino   is 

Oi,  Fig.  5.  and  travels  north^ya^^  „rofK,rtional  to  the  distance 
to  Of  The  length  of  the '  arc  traveled  along  the  guKaro  of 
^\0i  is  proportional  to  the  angle 

0  which  it  subtends  at  the  center  of  the  sphere.  The  planes 
of  the  horizon  of  0\  and  Oi  are  respectively  Oi/f i  and  (hHt^ 

'  Ttii"  earth  i«  not   exactly  round,  t>ut  the  departure  from  sphericity 
will  be  uCKlcrtvd  for  the  moment. 
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These  lines  are  respectively  perpendicular  to  COi  and  €0%. 
Therefore  the  angle  between  them  equals  the  angle  a.  That 
is,  the  distance  traveled  is  proportional  to  the  change  of 
direction  of  the  plane  of  the  horizon. 

The  plumb  lines  at  Oi  and  O2  are  respectively  OiZi  and 
OiZt)  and  the  angle  between  these  lines  is  a.  Hence  the  dis- 
tance traveled  is  proportional  to  the  change  in  the  direction 
of  the  plumb  line. 

It  will  be  shown  now  that  if  the  surface  of  the  earth  were 
not  a  true  sphere  the  change  in  the  direction  of  the  plane  of 
the  horizon  would  not  be  proportional  to  the  distance  traveled 

on  the  surface.  Suppose 
Fig.  6  represents  a  plane 
section  through  the  non- 
spherical  earth  along 
whose  surface  the  ob- 
server travels.  Since  the 
earth  is  not  a  sphere,  the 
curvature  of  its  surface 
will  be  different  at  differ- 
ent places.    Suppo.se  that 

Fig.  6. -If  the  earth  were  not  spherical.  ^^''^^  »»  °^^  °^  ^^^  ^^^^^ 
equal  angles  would  be  subtended  by  arcs  regions  and  O3O4  is  One 
of  different  lengths.  ^j  ^^^  ^^^^  ^^^^^^  ^^^ 

In  the  neighlx)rhood  of  OiOs  the  direction  of  the  plumb  line 
changes  slowly,  while  in  the  neighborhood  of  OjOt  its  direc- 
tion changes  more  rapidly.  The  large  arc  O1O3  subtends  an 
angle  at  Ci  made  by  the  respective  perpendiculars  to  the 
surface  which  exactly  equals  the  angle  at  C3  subtended  by 
the  smaller  arc  O3O4.  Therefore  in  this  case  the  change  in 
direction  of  the  plumb  line  is  'not  projwrtional  to  the  dis- 
tance traveled,  for  the  same  angular  change  corre.sponds  to 
two  different  distances.  The  same  result  is  true  for  the 
plane  of  the  horizon  because  it  is  always  perpendicular  to 
the  plumb  line. 
Since  the  conditions  of  the  statement  would  be  satisfied 
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in  ciLsp  the  earth  were  spherical,  nnd  only  in  case  it  were 
spherical,  the  next  question  is  what  the  observations  show. 
Except  for  irregularities  of  the  surface,  which  are  not  under 
consideration  here,  and  the  oblatcness,  which  will  be  dis- 
cussed in  Art.  12,  the  observations  prove  absolutely  that  the 
change  in  direction  of  the  plumb  line  is  proportional  to  the 
arc  traversed. 

Two  practical  problems  are  involved  in  carrying  out  the 
proof  which  has  just  been  described.  The  first  is  that  of 
measuring  the  distance  between  two  points  along  the  sur- 


/, 
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Via.  7.  —  The  baae  lino  A^Aj  in  mpiieurcd  ilirrrtly  nnd  the  other  distances 
are  ohtuined  by  triuiigulntioo. 

face  of  the  earth,  and  the  second  is  that  of  determining  the 
dmnge  in  the  direction  of  the  plumb  line.  The  first  is  a 
refincfl  problem  of  surveying;  the  second  is  .solved  by 
observations  of  the  stars. 

All  long  distances  on  the  surface  of  the  earlh  are  deter- 
mined by  .'1  process  known  aj?  triangulation.  It  is  much 
more  convenient  than  direct  measurement  and  also  much 
more  accurate.  A  fairly  level  stretch  of  country,  At  and 
Ai  in  Fig.  7,  a  few  miles  long  is  selected,  and  the  distance 
between  the  two  points,  which  must  be  visible  from  each 
other,   is   mcaisured   with   the   greatest   possible   accuracy. 
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This  line  is  called  the  base  line.  Then  a  point  At  is  taken 
which  can  be  seen  from  both  Ai  and  Ai.  A  telescope  is  set 
up  at  Ai  and  pointed  at  At.  It  has  a  circle  parallel  to  the 
surface  of  the  earth  on  which  the  degrees  are  marked.  The 
position  of  the  telescope  with  respect  to  this  circle  is  recorded. 
Then  the  telescope  is  turned  until  it  points  toward  A3. 
The  difference  of  its  position  with  respect  to  the  circle  when 
pointed  at  A2  and  at  .As  is  the  angle  A^AiAz.  Similarly, 
the  telescope  is  set  up  at  A3  and  the  angle  AiAiAs  is  meas- 
ured. Then  in  the  triangle  AiAtAs  two  angles  and  the  in- 
cluded side  are  known.  By  plane  geometry,  two  triangles 
that  have  two  angles  and  the  included  side  of  one  respectively 
equal  to  two  angles  and  the  included  side  of  the  other  are 
exactly  alike  in  size  and  shape.  This  simply  means  that 
when  two  angles  and  the  included  side  of  the  triangle  are 
given,  the  triangle  is  uniquely  defined.  The  remaining  parts 
can  be  computed  by  trigonometry.  In  the  present  case 
suppose  the  distance  AtAi  is  computed. 

Now  suppose  a  fourth  point  A  a  is  taken  so  that  it  is 
visible  from  both  At  and  Az.  Then,  after  the  angles  at  At 
and  A3  in  the  triangle  AtAsAi  have  been  measured,  the  line 
As  A  4  can  be  computed.  This  process  evidently  can  be  con- 
tinued, step  by  step,  to  any  desired  distance. 

Suppose  Ai  is  regarded  as  the  original  point  from  which 
measurements  are  to  be  made.  Not  only  have  various  dis- 
tances been  determined,  but  also  their  directions  with  respect 
to  the  north-south  line  are  known.  Consequently,  it  is 
known  how  far  north  and  how  far  east  A«  is  from  Ai.  The 
next  step  gives  how  far  south  and  how  far  east  A3  is  from  As. 
By  combining  the  two  results  it  is  known  how  far  south  and 
how  far  east  A3  is  from  Ai,  and  so  on  for  succeeding  points. 

The  convenience  in  triangulation  results  partly  from  the 
long  distances  that  can  bo  measured,  especially  in  rough 
country.  It  is  sometimes  advisable  to  go  to  the  trouble  of 
erecting  towers  in  order  to  make  it  possible  to  use  stations 
separated  by  long  distances.     The  accuracy  arises,  at  least 


pari.,  from  the  fact  tluit  the  aiifjlps  are  measured  by  in- 
:!trumeat.s  which  magnify  tht-ni.  The  fact  that  the  stations 
are  not  all  on  the  same  level,  and  the  curvature  of  the  earth, 
iulroiluce  Uttle  ciifficuUies  in  the  computations  that  must 
be  carefully  overcome. 

The  direction  of  the  plumli  line  at  the  station  Ai,  for 
example,  is  determined  by  noting  the  point  among  the  stars 
at  which  it  points.  The  plumb  Mne  at  Ai  will  point  to  a 
ilillerent  place  among  the  .stars.  The  difference  in  the  two 
pLices  among  the  stars  gives  the  ditTerence  in  the  directions 
of  the  plumb  lines  at  the  two  .stations.  The  stars  apparently 
move  across  the  sky  from  east  to  west  during  the  night  and 
are  not  in  the  same  positions  at  the  same  time  of  the  tlay 
on  different  nights.  Hence,  there  are  here  also  certain  cir- 
cuHLstances  to  which  careful  attention  must  be  given  in 
order  to  pet  accurate  results. 

11.  Other  F>roofs  of  the  Earth's  Sphericity.  —  There  are 
many  rc!i.s<ins  given  for  believing  that  the  earth  is  not  a 
plane,  and  that  it  is,  indewl,  some  sort  of  a  convex  figure ; 
but  most  of  them  do  not  prove  that  it  is  actually  spherical. 
It  will  tie  sufficient  to  mention  them. 

in)  The  earth  has  l>een  circuinnavigated,  but  so  far  as 
this  fact  alone  is  concerned  it  might  be  the  shape  of  a  cu- 
cumber. (6)  Vessels  disapi>ear  lielow  the  horizon  hulls  first 
and  masts  last,  but  this  only  proves  the  convexity  of  the 
Rurface.  (c)  The  horizon  apjiears  to  be  a  circle  when  viewed 
from  an  elevation  alxwe  the  surface  of  the  water.  This  is 
thcoretic'allj-  g<K)d  but  observationally  it  is  not  verj-  exact. 
(<0  TTie  shallow  of  the  earth  on  the  moon  at  the  time  of  a 
lunar  i«lipse  is  always  an  arc  of  a  circle,  l)ut  tliis  proof  is 
vcr>-  inc(jnclusive,  in  spite  of  the  fact  that  it  is  often  men- 
tjonwl,  because  the  shadow  has  no  very  definite  edge  and 
it*  radius  i.s  large  com():ired  to  that  of  Ihe  monn. 

12.  Proof  of  the  Oblateness  of  the  Earth  by  Arcs  of 
Latitude.  —  The  latitude  of  a  place  on  the  earth  is  deter- 
mined by  observations  of  the  direction  of  the  plumb  line 
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with  respect  to  the  stars.  This  is  the  reason  that  a  sea  cap- 
tain refers  to  the  heavenly  bodies  in  order  to  find  his  loca- 
tion on  the  ocean.  It  is  found  by  actual  observations  of  the 
stars  and  measurements  of  arcs  that  the  length  of  a  degree 
of  arc  is  longer  the  farther  it  is  from  the  earth's  equator. 
This  proves  that  the  earth  is  less  curved  at  the  poles  than 
it  is  at  the  equator.  A  body  which  is  thus  flattened  at  the 
poles  and  bulged  at  the  equator  is  called  oblate. 

In  order  to  see  that  in  the  case  of  an  oblate  body  a  degree 
of  latitude  is  longer  near  the  poles  than  it  is  at  the  equator, 
consider  Fig.  8.    In  this  figure  E  represents  a  plane  section 

of  the  body  through  its  poles. 
The  curvature  at  the  equator  is 
the  same  as  the  curvature  of  the 
circle  Ci,  and  a  degree  of  latitude 
on  E  at  its  equator  equals  a 
degree  of  latitude  on  Ci.  The 
curvature  of  E  at  its  pole  is  the 
same  as  the  curvature  of  the 
circle  C2,  and  a  degree  of  lati- 
tude on  E  at  its  pole  equals  a 
degree  of  latitude  on  C2.  Since 
Ci  is  greater  than  Ci,  a  degree 
of  latitude  near  the  pole  of  the 
oblate  body  is  greater  than  a  degree  of  latitude  near  its 
equator. 

A  false  argument  is  sometimes  made  which  leads  to  the 
opposite  conclusion.  Lines  are  drawn  from  the  center  of 
the  oblate  body  dividing  the  quadrant  into  a  number  of 
equal  angles.  Then  it  is  observed  that  the  arc  intercepted 
between  the  two  lines  nearest  the  equator  is  longer  than 
that  intercepted  between  the  two  lines  nearest  the  pole. 
The  error  of  this  argument  lies  in  the  fact  that,  with  the 
exception  of  those  drawn  to  the  equator  and  poles,  these 
lines  are  not  perpendicular  to  the  surface.  Figure  9  shows 
an  oblate  body  with  a  number  of  Unes  drawn  perpendicular 


Fio.  8.  —  The  length  of  a  degree 
of  latitude  is  least  at  the  equa- 
tor and  greatest  at  the  poles. 


Fio.  9-  —  Pcrpcndicularn  to  thi>  surface  of 
nil  oblate  liixly,  showing  that  (>qual  area 
subtend  larseiit  uiigjes  at  ita  equator  and 
smallest  at  ita  poles. 
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to  its  surface.  Instead  of  their  all  passing  through  the 
center  of  the  body,  they  are  tangent  to  the  curve  AB.  The 
line  A  E  equals  the  radius 
of  a  circle  having  the 
le   curvature   as   the 

Mate  body  at  E,  and 
BP  is  the  radius  of  the 
circle  haung  the  curva- 
ture al  /', 

13.  Size  and  Shape 
of  the  Earth.  —  The  size 
and  .sha}>c  of  the  earth 
ran  both  be  determiiipil 
from  measurements  of 
arcs.  If  the  earth  were 
spherical,  a  degree  of  arc 
would  have  the  same  length  everj^vhere  on  its  surface,  and 
ita  circiirafcrence  would  be  360  times  the  length  of  one  de- 
gree. Since  the  earth  is  oblate,  the  matter  is  not  quite  so 
simple.  But  from  the  lenpths  of  arcs  in  different  latitudes 
both  the  size  and  the  shape  of  the  earth  can  be  computed. 

It  is  sufficiently  accurate  for  ordinary  purposes  to  state 
that  the  diameter  of  the  earth  is  about  SOOO  milc^,  and  that 
the  difference  between  the  equatorial  and  polar  diameters  is 
27  milf». 

The  flimensions  of  the  earth  have  been  computed  with 
great  accuracy  by  HaA'ford,  who  founti  for  the  equatorial 
diameter  7926.,57  miles,  and  for  the  polar  diameter  7899.98 
miles.  The  error  in  these  results  cannot  exceed  a  thousand 
feet.  The  equatorial  circumference  is  24,901.7  miles,  and  the 
length  of  one  degree  of  longitude  at  the  equator  is  69.17 
miles.  The  lengths  of  de^arees  of  latitude  at  the  equator 
and  at  the  poles  are  respectively  68.71  and  69.40  miles. 
The  total  area  of  the  earth  is  about  196,400,000  square  miles. 
The  volume  of  the  earth  is  equal  to  the  volume  of  a  sphere 
whose  radius  is  3958.9  miles. 
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14.  Newton's  Proof  of  the  Oblateness  of  the  Earth.  — 

The  first  proof  that  the  earth  is  oblate  was  due  to  Newton. 
He  based  his  demonstration  on  the  laws  of  motion,  the  law 
of  gravitation,  and  the  rotation  of  the  earth.  At  is  therefore 
much  more  complicated  than  that  depending  on  the  lengths 
of  degrees  of  latitude,  which  is  purely  geometrical.  It  has 
the  advantage,  however,  of  not  requiring  any  measurements 
of  arcs. 

Suppose  the  earth.  Fig.  10,  rotates  around  the  axis  PP'. 
Imagine  that  a  tube  filled  with  water  exists  reaching  from 

the  pole  P  to  the  center 
C,  and  then  to  the  sur- 
face on  the  equator  at  Q. 
The  water  in  this  tube 
exerts  a  pressure  toward 
the  center  because  of  the 
attraction  of  the  earth 
for  it.  Consider  a  unit 
volume  in  the  part  CP 
at  any  distance  D  from 
the  center ;  the  pressure 
it  exerts  toward  the 
Fio.  10.  —  Because  of  the  earths  rotation  Center  equals  the  earth's 

l^^"/ti^nPa  '"'""""  ^^  ""'*  ^  attraction  for  it  because 

it  is  subject  to  no  other 
forces.  Suppose  for  the  moment  that  the  earth  is  a  sphere, 
as  it  would  be  if  it  were  not  rotating  on  its  axis,  and  con- 
sider a  unit  volume  in  the  part  CQ  at  the  distance  D  from 
the  center.  Because  of  the  symmetry  of  the  sphere  it 
will  be  subject  to  an  attraction  equal  to  that  on  the  corre- 
sponding unit  in  CP.  But,  in  addition  to  the  earth's  at- 
traction, this  mass  of  water  is  subject  to  the  centrifugal  force 
due  to  the  earth's  rotation,  which  to  some  extent  counter- 
balances the  attraction.  Therefore,  the  pressure  it  exerts 
toward  the  center  is  less  than  that  exerted  by  the  corre- 
sponding unit  in  CP.    If  the  earth  were  spherical,  all  units 
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in  the  two  columns  roold  ho  paircil  in  this  way.  The  result 
would  1)0  that  the  pri'ssurc  cxcrlt'd  hy  I'C  wiuiUi  he  gi-etitor 
than  that  exerte<l  hy  QC ;  hut  such  a.  coniiition  would  not 
be.  one  of  equihhrium,  iuul  water  would  How  out  of  the 
mouth  of  the  tuhe  from  the  center  to  the  equator.  In 
order  that  the  two  columns  of  water  shall  he  in  cqiiirihrium 
the  equatorial  colutiin  must  l>e  lonner  than  tlie  i)ohir.' 

Newton  comjjuted  the  amount  R(^  hy  which  the  one  tube 
must  be  longer  than  the  other  in  order  that  for  a  body  hav- 
ing the  raa.s.s,  dimensions,  and  rate  of  rotation  of  the  €'arth, 
there  shoulil  he  equililiriuin.  This  gave  him  the  ohlate- 
ness  of  the  eartli.  In  spite  of  the  fact  that  his  data  were 
not  verj'  exact,  he  obtained  results  which  agree  very  well 
with  those  furnisheil  by  modern  mea.siirenients  of  arcs. 

The  objection  at  once  arises  that  the  tubes  did  not 
actually'  exist  and  that  they  could  not  possibly  be  constnicted, 
and  therefore  that  the  conclusion  was  as  insecure  as  those 
usually  are  which  rest  on  imaginary  conditions.  But  the 
fears  aroused  by  these  oljjecf  it>nrt  arc  dissipated  by  a  little 
more  consideration  of  the  subject.  It  is  not  necesaarj'  that 
the  tubes  should  run  in  straight  lines  from  the  surface  to 
tlie  center  in  order  that  the  principle  should  apply.  They 
might  l)end  hi  any  manner  and  the  n-sults  would  Ijc  the  same, 
ju8t  as  the  level  to  which  the  water  rises  in  the  spout  of  a 
settle  tloes  not  depend  on  its  shape.  Suppose  the  tubes 
deformed  into  a  .single  one  connecting  /■"  and  Q  along 
the  surface  of  the  earth.  The  principles  still  hold  ;  but  the 
ocean  connection  of  pole  and  equator  may  be  considered  as 
Ix'ing  a  lube.  Hence  the  earth  nnist  he  oblate  or  the  ocean 
would  flow  from  the  poles  toward  the  equator. 

15.  Pendulum  Proof  of  the  Oblateness  of  the  Earth.  — 
It  seems  strange  at  first  thai  the  shajie  of  the  earth  ran  he 
det<^Tmined  by  means  of  the  pendulum.  Evitlently  the 
method  cannot  rest  on  siich  .siinj)le  geometrical  ])rinciples  as 
were  sufficient  in  using  the  lengths  of  arcs.  Il  will  he  foiual 
that  it  involves  the  laws  of  motion  and  the  law  of  gravitation. 
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The  time  of  oscillation  of  a  pendulum  depends  on  the  in- 
tensity of  the  force  acting  on  the  bob  and  on  the  distance 
from  the  point  of  support  to  the  bob.  It  is  shown  in  ana- 
lytic mechanics  that  the  formula  for  a  complete  oscillation  is 

<  =  2irVz7^, 

where  •<  is  the  time,  t  =  3.1416,  I  is  the  length  of  the  pen- 
dulum, and  g  is  the  resultant  acceleration '  produced  by  all 
the  forces  to  which  the  pendulum  is  subject.  If  I  is  deter- 
mined by  measurement  and  t  is  found  by  observations,  the 
resultant  acceleration  is  given  by 

=  4jriJ 
9      '  11    • 

Consequently,  the  pendulum  furnishes  a  means  of  finding 
the  gravity  g  at  any  place. 

In  order  to  treat  the  problem  of  determining  the  shape 
of  the  earth  from  a  knowledge  of  g  at  various  places  on  its 
surface,  suppose  first  that  it  is  a  homogeneous  sphere.  If 
this  were  its  shape,  its  attraction  would  be  equal  for  all  points 
on  its  surface.  But  the  gravity  g  would  not  be  the  same 
at  all  places,  because  it  is  the  resultant  of  the  earth's  attrac- 
tion and  the  centrifugal  acceleration  due  to  the  earth's 
rotation.  The  gravity  g  would  be  the  greatest  at  the  poles, 
where  there  is  no  centrifugal  acceleration,  and  least  at  the 
equator,  where  the  attraction  is  exactly  oppo.sed  by  the 
centrifugal  acceleration.  Moreover,  the  value  of  g  would 
vary  from  the  poles  to  the  equator  in  a  perfectly  definite 
manner  which  could  easily  be  determined  from  theoretical 
considerations. 

Now  suppose  the  earth  is  oblate.  It  can  be  shown  mathe- 
matically that  the  attraction  of  an  oblate  body  for  a  particle 
at  its  pole  is  greater  than  that  of  a  sphere  of  equal  volume 
and  density  for  a  particle  on  its  surface,  and  that  at  its 
equator  the  attraction  is  less.     Therefore  at  the  pole,  where 

'  Force  equals  niiiss  times  accelerutiun.  On  u  large  pendulum  the  force  of 
gravity  is  greater  but  the  acceleration  is  the  same. 
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there  is  no  centrifugal  acceleration,  g  is  greater  on  an  oblate 
b<Hly  (han  it  is  on  an  equal  sphere.  On  the  other  hand,  at 
the  equator  g  is  less  on  the  oblate  boily  than  on  tiie  sphere 
both  because  the  attraction  of  the  former  is  less,  and  also 
because  its  equator  is  farther  from  its  axis  so  that  the  cen- 
trifugal acceleration  is  greater.  That  is,  the  manner  in 
which  g  varies  from  pole  to  equator  depends  upon  the  oblate- 
ness  of  the  eartli,  and  it  can  he  cuniimtcti  when  the  oblate- 
ness  iz  given.  Conversely,  when  g  has  Iveen  f<iund  by  ex- 
periment, the  shape  of  the  earth  can  be  computed. 

Very  extensive  detfrminalioiis  of  g  by  nie;ins  of  (he  pen- 
dulum, taken  in  connecti(jn  with  the  mathenuitieal  theory, 
not  only  prove  that  the  earth  is  oblate,  but  give  a  tlegree  of 
flattening  agreeing  closely  with  that  obtained  from  the 
measuremfut  of  arvs. 

The  question  arises  why  g  is  determined  by  means  of  the 
pendulum.  Its  variations  cannot  be  found  by  using  balance 
sciUes,  becau.se  the  forces  on  both  the  body  to  be  weigheti  and 
the  counter  weights  vary  in  the  same  proportion.  However, 
tlie  variations  in  g  can  be  rletermined  with  some  apjiroxima- 
tion  by  employing  the  spring  balance.  The  choice  between 
the  spring  balance  and  the  pendulum  is  to  be.  settled  on  the 
basis  of  convenience  and  accnrary.  It  is  obvious  that  sjmng 
balances  are  very  convenient,  but  they  are  not  very  accurate. 
On  the  other  hand,  the  pendulum  is  capable  of  furnishing 
the  variation  of  g  with  almost  indefinite  precision  by  the 
period  in  which  it  vilirates.  SupjMjse  the  pentluluni  is 
moved  from  one  place  tu  another  where  g  differs  by  one 
hundre<l-tliousandth  of  its  value.  This  small  <lilTerence  could 
not  be  detected  by  the  use  of  spring  balances,  however  many 
timeH  the  attempt  might  be  made.  It  follows  from  the 
formula  that  the  time  of  a  swing  of  the  pendulum  would  be 
changfil  bj'  about  one  two-hundred-thousandth  of  its  value. 
If  the  time  of  a  complete  oscillation  were  a  second,  for  ex- 
ample, the  difference  could  not  he  detected  in  a  second  ;  but 
the  deviation  for  the  following  second  would  be  equal  to 
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that  in  the  first,  and  the  difference  would  be  doubled.  The 
effect  would  accumulate,  second  after  second,  and  in  a  day 
of  86,400  seconds  it  would  amount  to  nearly  one  half  of  a 
second,  a  quantity  which  is  easily  measured.  In  ten  days 
the  difference  would  amount  to  about  4.3  seconds.  The 
important  point  in  the  pendulum  method  is  that  the  effects 
of  the  quantities  to  be  measured  accumulate  until  they  be- 
come observable. 

16.  The  Theoretical  Shape  of  the  Earth.  —  The  oblateness 
of  the  earth  is  not  an  accident ;  its  shape  depends  on  its 
size,  mass,  distribution  of  density,  and  rate  of  rotation.     If 
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it  were  homogeneous,  its  shape  could  be  theoretically  deter- 
mined without  great  difficulty.  It  has  been  found  from 
mathematical  discussions  that  if  a  homogeneous  fluid  body 
is  slowly  rotating  it  may  have  either  of  two  forms  of  equi- 
Ubrium,  one  of  which  is  nearly  spherical  while  the  other  is 
very  much  flattened  like  a  discus.  These  figures  are  not 
simply  oblate,  but  they  are  figures  known  as  spheroids.  A 
spheroid  is  a  solid  generated  by  the  rotation  of  an  ellipse 
(Art.  53)  about  one  of  its  diameters.  Figure  11  is  an  oblate 
spheroid  generated  by  the  rotation  of  the  ellipse  PQP'Q' 
about  its  shortest  diameter  PP'.  Its  equator  is  its  largest 
circumference.  Figure  12  is  a  prolate  spheroid  generated 
by  the  rotation  of  the  ellipse  PQP'Q'  about  its  longest  diam- 
eter PP'.  The  equator  of  this  figure  is  its  smallest  cir- 
cumference. The  oblate  and  prolate  spheroids  are  funda- 
mentally different  in  shape. 
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Of  the  two  oblate  sphcroitls  whirh  theory  shows  are 
figures  of  equilibrium  for  slow  rotation,  that  which  is  the 
more  nearly  spherical  is  stable,  while  the  other  is  unstable. 
That  is,  if  the  former  were  disturbefl  a  little,  it  would 
retake  its  spheroidal  form,  while  if  the  latter  were  deformed 
a  little,  it  would  take  an  entirely  different  shape,  or  niip;ht 
even  break  ail  to  pieces.  In  spite  of  the  fact  that  the  earth 
is  neither  a  fluid  nor  homogeneous,  its  shape  is  almost 
exactly  that  of  the  more  nearly  spherical  oblate  spheroid 
corresponding  to  its  density  and  rate  of  rotation.  This  fact 
might  tempt  one  to  the  conclusion  that  it  was  formerly  in  a 
fluid  slatf.  But  this  conclnsion  is  not  neces-sariiy  snnnfl, 
because,  in  such  an  enormous  boily,  the  strains  wliich  would 
result  from  appreciable  departure  from  the  figure  of  equi- 
librium woiild  be  Sfi  Ri'eat  that  they  <'onld  nut  be  withstood 
by  the  strongest  material  kiK)\vn.  Besides  this,  if  the  con- 
ditions for  equilibrium  were  not  exactly  satisfied  by  the 
solid  parts  of  the  earth,  the  water  and  atmosphere  would 
move  and  make  compensation. 

The  sun,  moon,  and  planets  are  bodies  whose  forms  can 
likewi.s**  be  compare<l  with  the  results  furnished  by  theory. 
Their  figures  jigree  closely  with  the  theoretical  forms.  The 
only  appreciable  disagreements  are  in  the  case  of  Jupiter 
and  Saturn,  both  of  which  are  more  nearly  spherical  than 
the  corresponding  homogeneous  bodies  would  be.  The 
reason  for  this  is  that  these  planets  are  very  rare  in  their 
ouf^r  parts  and  relatively  den.se  at  their  centers.  It  is 
probable  that  thej'  are  even  more  stable  than  the  correspond- 
ing homogeneous  figures. 

17.  Different  Kinds  of  Latitude.  —  It  was  seen  in  Art. 
12  that  jierpendiculars  to  the  water-level  surface  of  the 
earth,  except  on  the  equator  and  at  the  poles,  do  not  pass 
Ihrouuh  the  center  of  the  earth.  This  leads  to  the  defini- 
tion of  ilifTerent  kinds  of  latituile. 

The  geometrically  simplest  latitude  is  that  defined  by  a 
line  from  the  center  of  the  earth  to  the  point  on  its  surface 
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occupied  by  the  observer.  Thus,  in  Fig.  13,  PC  is  the  earth's 
axis  of  rotation,  QC  is  in  the  plane  of  its  equator,  and  0  is 
the  position  of  the  observer.  The  angle  I  is  called  the  geo- 
centric latitude. 

The  observer  at  0  cannot  see  the  center  of  the  earth  and 
cannot  locate  it  by  any  kind  of  observation  made  at  his 
station  alone.    Consequently,  he  cannot  directly  determine  /. 

All  he  has  is  the  pra-pen- 
dicular  to  the  surface  de- 
fined by  his  plumb  line 
which  strikes  the  line  CQ 
at  A.  The  angle  U  be- 
tween this  line  and  CQ  is 
his  astronomical  latitude. 
The  difference  between 
the  geocentric  and  astro- 
nomical latitudes  varies 
from  zero  at  the  poles 
and  equator  to  about  11' 
in  latitude  45°. 
Sometimes  the  plumb  line  has  an  abnormal  direction 
because  of  the  attractions  of  neighboring  mountains,  or 
because  of  local  excesses  or  deficiencies  of  matter  under  the 
surface.  The  astronomical  latitude,  when  corrected  for  these 
anomalies,  is  called  the  geographical  latitude.  The  astro- 
nomical and  geographical  latitudes  rarely  differ  by  more  than 
a  few  seconds  of  arc. 

18.  Historical  Sketch  of  Measurements  of  the  Earth.  — 
While  the  earth  was  generally  supposed  to  be  flat  down  to 
the  time  of  Columbus,  yet  there  were  several  Greek  philoso- 
phers who  believed  that  it  was  a  sphere.  The  earliest  phi- 
losopher who  is  known  certainly  to  have  maintained  that 
the  earth  is  spherical  was  Pythagoras,  author  of  the  famous 
Pythagorean  proposition  of  gcometrj',  who  lived  from  about 
569  to  490  B.C.  He  was  followed  in  this  conclusion,  among 
others,  by  Eudoxus  (407-356  B.C.),  by  Aristotle  (384-322 
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B.C.),  the  uiost  famous  philosopher  of  antiquity  if  not  of  all 
time,  and  by  Aristarchus  of  Samos  (310-250  b.c).  But 
none  of  these  men  seems  to  have  had  so  clear  convictions  as 
_Eratosthenes  (275-194  b.c),  who  not  only  believed  in  the 
th's  -sphericity  but  undertook  to  determine  its  dimensions. 
He  had  noticed  that  the  altitude  'of  the  pole  star  was  less 
when  he  was  in  Egypt  than  when  he  was  farther  north  in 
Greece,  and  he  correctly  interpreted  this  as  meaning  that 
in  traveling  northward  he  journeyed  around  the  curved  sur- 
face of  the  earth.  By  very  crude  means  he  untiertook  to 
measure  the  length  of  a  degree  in  Egypt,  and  in  spite  of  the 
fact  thai  he  had  neither  accurate  instnnnents  for  obtaining 
the  distances  on  the  surface  of  the  earth,  nor  telescopes 
with  which  to  determine  the  changes  of  the  direction  of 
the  plumb  line  with  respect  to  the  stars,  he  secured  results 
that  wei-e  not  surpassed  in  accuracy  imtil  less  than  300 
years  ago. 

.-Vfter  the  decline  of  the  Greek  civilization  and  science,  no 
progress  was  made  in  proving  the  earth  is  spherical  until  the 
voyage  of  Columbus  in  1492.  His  ideas  regarding  the  size 
of  the  earth  were  very  erroneous,  as  is  shown  by  the  f.act 
tliat  he  supposed  he  had  reached  India  by  crossing  the  .\tlan- 
tic  Oc«an.  The  great  explorations  and  geographical  dis- 
coveries that  quickly  followed  the  voyages  of  Columbus  con- 
vinced men  that  the  earth  is  at  least  globular  anil  gave  them 
some  idea  of  its  dimensions. 

There  were  no  .serious  attempts  matle  to  ol>tain  accurate 
knowledge  of  the  shape  ami  .size  of  the  earth  until  about  the 
middle  of  the  seventeenth  century.  The  fii-st  results  of  any 
considerable  degree  of  accuracy  were  obtained  in  1671  by 
Picard  from  a  measurement  of  an  arc  in  France. 

In  spite  of  the  fact  that  Newton  proved  in  1686  that  the 
Ih  is  olilate,  the  conclusion  wa,s  by  no  means  universally 
Bpt«d.  Imperfectiuns  in  the  measures  of  the  French  led 
CiUKini  to  maintain  until  about  174.T  that  the  earth  is  pro- 
late.   But  the  French  were  taking  hold  of  the  question  in 
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earnest  and  they  finally  agreed  with  the  conclusion  of  New- 
ton. They  extended  the  arc  that  Picard  had  started  from 
the  Pyrenees  to  Dunkirk,  an  angular  distance  of  9°.  The 
results  were  published  in  1720.  They  sent  an  expedition  to 
Peru,  on  the  equator,  in  1735,  under  Bouguer,  Condamine, 
and  Godin.  By  1745  these  men  had  measured  an  arc  of  3". 
In  the  meantime  an  expedition  to  Lapland,  near  the  Arctic 
circle,  had  measured  an  arc  of  1°.  On  comparing  these 
measurements  it  was  found  ■  that  a  degree  of  latitude  is 
greater  the  farther  it  is  from  the  equator. 

In  the  last  century  all  the  principal  governments  of  the 
world  have  carried  out  very  extensive  and  accurate  surveys 
of  their  possessions.  The  English  have  not  only  triangulated 
the  British  Isles  but  they  have  done  an  enormous  amount  of 
work  in  India  and  Africa.  The  Coast  and  Geodetic  Survey 
in  the  United  States  has  triangulated  with  unsurpassed  pre- 
cision a  great  part  of  the  country.  They  have  run  a  level 
from  the  Atlantic  Ocean  to  the  Pacific.  The  names  most 
often  encountered  in  this  connection  are  Clarke  of  England, 
Helmert  of  Germany,  and  Hayford  of  the  United  States. 
Hayford  has  taken  up  an  idea  first  thrown  out  by  the  Eng- 
lish in  connection  with  their  work  in  India  along  the  borders 
of  the  Himalaya  Mountains,  and  by  using  an  enormous 
amount  of  observational  data  and  making  appalling  com- 
putations he  has  placed  it  on  a  firm  basis.  The  observations 
in  India  showed  that  under  the  Himalaya  Mountains  the 
earth  is  not  so  dense  as  it  is  under  the  plains  to  the  south. 
Hayford  has  proved  that  the  corresponding  thing  is  true  in 
the  United  States,  even  in  the  case  of  very  moderate  eleva- 
tions and  depressions.  Moreover,  deficiency  in  density 
under  the  elevated  places  is  just  enough  to  offset  the  eleva- 
tions, so  that  the  total  weight  of  the  material  along  every 
radius  from  the  surface  of  the  earth  to  its  center  is  almost 
exactly  the  same.  This  theory  is  known  as  the  theory  of 
isostasy,  and  the  earth  is  said  to  be  in  almost  perfect  iso- 
static  adjustment. 
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II.  QUESTIONS 

1.  In  order  to  prove  the  spherioity  of  the  earth  by  measurement 
of  artss,  would  it  be  sufBeicnt  tn  moasure  only  along  meridians? 
(Consider  the  anchor  riiiK. ) 

2.  Do  the  orrors  in  triani?ulation  accumulate  with  the  length  of 
the  distance  measured?  Do  the  errors  in  Iho  astronomical  deter- 
mination of  the  OHRular  Inngth  of  the  arc  increase  with  its  length  ? 

3.  How  accurately  must  a  base  lino  of  five  miles  be  measured  in 
order  that  it  may  not  introduce  an  error  in  the  determination  of  the 
earth's  ciroumfereneo  of  more  than  1000  feet? 

4.  Which  of  the  reasons  given  in  Art.  11  actually  prove  quanti- 
tatively thai  the  earth  is  spherical?  What  other  reasons  are  there 
for  believing  it  is  spherical'.' 

5.  The  acceleration  g  in  niid-latittides  is  about  32.2  feet  per 
^noond ;  how  long  would  a  pendulum  have  to  bo  to  swing  in  1,  2,  3.  4 

ncond-s? 

6.  Draw  to  8<]ale  a  meridian  Mwtion  of  a  figure  having  the  earth's 
oblateness. 

7.  Newton  s  proof  of  the  earth's  oblatenes.t  depends  on  the 
knowledge  that  the  earth  rotates ;  what  proofs  of  it  do  not  depend 
upon  this  knowledge  ? 

8.  Suppose  time  can  l>e  measured  with  an  error  not  exceeding 
on«>  tenth  of  a  second ;  how  aocurat«ly  can  g  be  determined  by  the 
pendulum  in  10  days? 

1>.  Suppose  the  solid  part  of  thp  earth  were  spherical  and  per- 
fectly rigid ;  what  would  l>o  tlie  distribution  of  land  and  water  over 
the  surfae*  ? 

10.  Is  the  astronomical  latitude  greater  than,  or  equal  to,  the 
geocentric  latitude  for  all  points  on  the  earth's  surface? 

1 1 .  What  distance  on  the  earth's  surface  corresponds  to  a  degree 
of  arc.  a  minute  of  arc.  a  second  of  are? 

12.  Which  of  the  proofs  of  the  earth's  spherioity  depend  upon 
modern  discoveries  and  measurements  ? 


11.    The   Mass  of  the   Earth  and  the  Condition  of 
ITS  Interior 

19.  The  Principle  by  which  Mass  is  Determined.  —  It  is 
imporUmt  to  u]i(ler.st!in<i  cirarly  the  prindi>les  which  are  at 
the  foundation  of  any  siihjfct  in  which  one  may  l>e  iiitcrestcd, 
this  applies  in  the  present  problem.  The  ordinary 
bod  of  detormining  the  mass  of  a  body  is  to  weigh  it. 
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That  is  the  way  in  which  the  quantity  of  most  conunodities, 
such  as  coal  or  ice  or  sugar,  is  found.  The  reason  a  body 
has  weight  at  the  surface  of  the  earth  is  that  the  earth 
attracts  it.  It  will  be  seen  later  (Art.  40)  that  the  body 
attracts  the  earth  equally  in  the  opposite  direction.  Con- 
sequently, the  real  property  of  a  body  by  which  its  mass  is 
determined  is  its  attraction  for  some  other  body.  The 
underljdng  principle  is  that  the  mans  of  a  body  is  proportional 
to  the  attraction  which  it  has  for  another  body. 

Now  consider  the  problem  of  finding  the  mass  of  the 
earth,  which  must  be  solved  by  considering  its  attraction 
for  some  other  body.  Its  attraction  for  any  given  mass,  for 
example,  a  cubic  inch  of  iron,  can  ea.'^ily  be  measured.  But 
this  does  not  give  the  mass  of  the  earth  compared  to  the 
cubic  inch  of  iron.  It  is  necessary  to  compare  the  attrac- 
tion of  the  earth  for  the  iron  with  the  attraction  of  some  other 
fully  known  body,  as  a  lead  ball  of  given  size,  for  the  same 
unit  of  iron.  Since  the  amount  of  attraction  of  one  body 
for  another  depends  upon  their  distance  apart,  it  is  neces- 
sary to  measure  the  distance  from  the  lead  ball  to  the  at- 
tracted body,  and  also  to  know  the  distance  of  the  attracted 
body  from  the  center  of  the  earth.  For  this  reason  the  mass 
of  the  earth  could  not  be  found  until  after  its  dimensions 
had  been  ascertained.  By  comparing  the  attractions  of  the 
earth  and  the  lead  ball  for  the  attracted  body,  and  making 
proper  adjustments  for  the  distances  of  their  respective 
centers  from  it,  the  nimaber  of  times  the  earth  exceeds  the 
lead  ball  in  mass  can  be  determined. 

Not  only  is  the  mass  of  the  earth  computed  from  its  at- 
traction, but  the  same  principle  is  the  basis  for  determining 
the  mass  of  every  other  celestial  body.  The  masses  of 
those  planets  that  have  satellites  are  ea.sily  found  from  their 
attractions  for  their  respective  sateUites,  and  when  two 
stars  revolve  around  each  other  in  known  orbits  their  masses 
are  defined  by  their  mutual  attractions.  There  is  no  means 
of  determining  the  mass  of  a  single  star. 
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20.  The  Mass  and  Density  of  the  Earth.  —  By  applica- 
tions (Arts.  21,  22)  of  the  principle  in  Art.  19  the  mass  of 
the  earth  has  bt-cn  found.  If  it  were  weighed  a  small 
quantity  at  a  time  at  the  surface,  its  total  weight  in  tons 
would  be  6  X  10",  or  6  followed  by  21  ciphers.  This 
makes  no  appeal  to  the  imaginiition  because  the  numbers 
are  .so  e.xtremely  far  beyond  all  experience.  A  much  better 
method  is  to  give  its  density,  which  is  obtained  by  di\'id- 
ing  il-s  mass  by  its  volume.  With  water  at  its  greatest 
^cn.sity  as  a  standard,   the  average  density  of  the  e^rth 

The  average  density  of  the  earth  to  the  depth  of  a  mile 
or  two  is  in  the  neighborhood  of  2.7i).  Therefore  there  are 
much  denser  materials  in  the  earth's  interior ;  their  greater 
density  may  be  due  either  to  their  composition  or  to  the 
great  pressure  to  which  they  are  subject.  The  density  of 
quartz  (sand)  is  2.75,  Hmestonc  3.2,  cast  iron  7.1,  steel  7.8, 
lead  11.3,  mercury  I3.(),  gnld  10.3,  and  platinum  21.5.  It 
follows  that  nr>  considerable  part  of  the  earth  can  be  com- 
po.sed  of  such  heavy  substances  as  mercury,  gold,  and  plati- 
num, but,  so  far  as  these  consitlerations  bear  on  the  question, 
it  might   be  largely  iron. 

The  distribution  of  density  in  the  earth  was  worked  out 
over  100  years  ago  by  Laplace  on  the  basis  of  a  certain  as- 
sumption reganling  the  compressibility  of  the  matter  of 
which  it  is  composed.  The  result.s  of  this  com]>utation 
have  been  compared  with  all  the  jihenomena  on  which  the 
disjKy.sifion  of  the  ma.ss  of  the  earth  lia.'s  an  influence,  and  the 
results  have  been  very  satisfactory.  Hence,  it  is  supposed 
that  this  law  represents  appro.ximately  the  way  the  density 
of  the  earth  increases  from  its  surface  to  its  center.  Accord- 
ing to  this  law,  taking  the  density  of  the  surface  as  2.72, 
the  densities  at  ilepths  of  inot),  20(K>,  3000  miles,  and  the 
center  of  the  e.arth  are  respectively  5.02.  8.31),  10.19.  10.87. 
At  no  depth  is  the  average  density  so  great  as  that  of  the 
heavier  metals. 
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21.  Detennination  of  the  Density  of  the  Earth  by  Means 
of  the  Torsion  Balance.  —  The  whole  difficulty  in  deter- 
mining the  density  of  the  earth  is  due  to  the  fact  that  the 
attractions  of  masses  of  moderate  dimensions  are  so  feeble 
that  they  almost  escape  detection  with  the  most  sensitive 
apparatus.  The  problem  from  an  experimental  point  of 
view  reduces  to  that  of  devising  a  means  of  measuring  ex- 
tremely minute  forces.  It  has  been  solved  most  successfully 
by  the  torsion  balance. 

The  torsion  balance  consists  essentially  of  two  small  balls, 
bb  in  Fig.  14,  connected  by  a  rod  which  is  suspended  from 


Fia.  14.  —  The  torsion  balance. 

the  point  0  by  a  quartz  fiber  OA.  If  the  apparatus  is  left 
for  a  considerable  time  in  a  sealed  case  so  that  it  is  not  dis- 
turbed by  air  currents,  it  comes  to  rest.  Suppose  the  balls 
bb  are  at  rest  and  that  the  large  balls  BB  are  carefully 
brought  near  them  on  opposite  sides  of  the  connecting  rod, 
as  shown  in  the  figure.  They  exert  slight  attractions  for  the 
small  balls  and  gradually  move  them  against  the  feeble 
resistance  of  the  quartz  fiber  to  torsion  (twisting)  to  the 
position  b'b".  The  resistance  of  the  quartz  fiber  becomes 
greater  the  more  it  is  twisted,  and  finally  exactly  balances 
the  attraction  of  the  large  balls.  The  forces  involved  are  so 
small  that  several  hours  may  be  required  for  the  balls  to 
reach  their  final  positions  of  rest.  But  they  will  finally  be 
reached  and  the  angle  through  which  the  rod  has  been  turned 
can  be  recorded. 
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The  next  problem  is  to  determine  from  tiic  deflection 
which  the  large  halls  have  produc'e<l  how  gieat  the  force  is 
which  they  have  exerted.  This  would  be  a  simple  matter  if 
it  were  known  how  much  resistance  the  quartz  fiber  offers 
to  twi.stijig,  but  the  resistance  is  so  exceedingly  small  that- 
it  camiot  be  directly  dcteruiintHl.  However,  it  can  be  found 
by  a  very  interesting  indirect  method. 

Suppti.sc  the  large  balls  are  removed  and  that  the  rod 
connettting  the  small  lialls  is  twisted  a  little  out  of  its  po.si- 
tion  of  equilibrium.  It  will  then  turn  back  because  of  the 
resistance  offered  to  twisting  by  the  quartz  fiber,  and  will 
rotate  pa.st  the  [Kisition  of  eijuililirium  almost  as  far  as  it 
was  originally  displace<l  in  the  oi)posite  tlirection.  Then 
it  will  return  and  vibrate  back  and  forth  until  friction  de- 
stroys it-s  motion.  It  is  cvi<lent  that  the  characteristics  of 
tlie  oscillations  are  much  like  those  of  a  vibrating  pendulum. 
The  formula  cormectiug  the  varitius  quantities  involved  is 

«  =  2Tvr7, 

where  /  is  the  time  of  a  complete  oscillation  of  the  rod 
joining  6  and  6,  /is  the  distance  from  .1  to  b,  and/  is  the 
resistance  of  toi-sion.  This  equation  diffei-s  from  that  for 
the  pendulum,  Art.  15,  only  in  that  ij  Inus  been  replaced  by/. 
Now  /  is  mciusured,  /  is  observed,  and /is  computed  from  the 
equation  with  great  exactness  however  small  it  may  be. 

Now  that  /  and  g  are  knowm  it  is  easy  to  compute  the 
intt.s.s  of  the  earth  by  means  of  the  law  of  gravitation  {Art. 
146).  Ijet  E  represent  the  mass  of  the  earth,  R  its  radius, 
2  S  the  mass  of  the  two  large  bnlls,  anfl  r  the  distances  from 
BB  to  bb  respectively.  Then,  since  gravitation  is  propor- 
tional to  the  attracting  mass  and  inversely  a,s  the  square  of 
it*  distance  from  the  attracted  liody,  it  follows  that 
E_2B  _ 

In  fiiip  proportion  the  only  miknown  is  E,  which  can  there- 
furi-  lie  iciiiiputed. 
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22.  Determination  of  the  Density  of  the  Earth  by  the 
Mountain  Method.  —  The  characteristic  of  the  torsion 
balance  is  that  it  is  very  delicate  and  adapted  to  measuring 
very  small  forces ;  the  characteristic  of  the  mountain  method 
is  that  a  very  large  mass  is  employed,  and -the  forces  are 
larger.  In  the  torsion  balance  the  balls  BB  are  brought 
near  those  suspended  by  the  quartz  fiber  and  are  removed 
at  will.  A  mountain  cannot  be  moved,  and  the  advantage 
of  using  a  large  mass  is  at  least  partly  counterbalanced  by 
this  disadvantage.    The  necessity  for  moving  the  attracting 

body  (in  this  case 
^'    ^    P'  the    mountain)    is 

obviated  in  a  very 
ingenious  manner. 

For  simplicity  let 
the  oblateness  of 
the  earth  be  neg- 
lected in  explaining 
the  mountain 
method.  In  Fig. 
15,  C  is  the  center 
of  the  earth,  M  is 
the  mountain,  and 
Oi  and  O2  are  two 
stations  on  opposite 
sides  of  the  moun- 
tain at  which  plumb 
lines  are  suspended. 
If  it  were  not  for 
the  attraction  of  the 
mountain  they  would  hang  in  the  directions  OiC  and  OjC. 
The  angle  between  these  lines  at  C  depends  upon  the  distance 
between  the  stations  Oi  and  Oa. .  The  distance  between  these 
stations,  even  though  they  are  on  ojjposite  .sides  of  the  moun- 
tain, can  be  obtained  by  triangulation.  Then,  since  the  size 
of  the  earth  is  known,  the  angle  at  C  can  be  computed. 


Fio.   15.  —  The  mountain  method  of  determining 
the  ma»s  of  the  earth. 
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But  the  attraction  of  tlir  mountain  for  the  plumb  bobs 
causes  the  plumb  Hnes  to  hang  in  the  dircetions  OiA  and 
OtA.  The  directions  of  these  lines  witli  respect  to  the  stars 
can  easily  be  detenninwl  by  observations,  and  the  difference 
in  their  directions  as  thus  determined  is  the  angle  at  A. 

What  is  desired  is  the  deflections  of  the  i^lumb  line  pro- 
ducetl  by  the  attractions  of  the  mountain.  It  follows  from 
elementary  geometrj*  that  the  simi  of  the  two  small  deflec- 
tions COiA  and  CO^A  equals  the  anjde  .4  minus  the  angle 
C.  Supp<jse,  for  simplicity,  that  the  mountain  is  sym- 
metrical and  that  the  deflections  are  equal.  Then  each  one 
equals  one  half  the  difference  of  the  nnglfs  -4  and  C.  There- 
fore the  desired  quantities  have  been  found. 

\Vlien  the  deflection  has  been  found  it  is  easy  to  obtnin 

the  relation  of  the  force  exerted  In-  the  mountain  to  that 

due  to  the  earth.     Let  Fig.  16  rei)resent  the 

plumb  line  on  a  large  scale.     If  it  were  not 

for  the  mountain  it  would  hang  in  the  dinc- 

tion  0\li\;  it  actually  hangs  in  the  direction 

i  0\B'\..    The  earth's  attraction  is  in  the  direc- 

jtion  OiBi,  and  that  of  the  mountain  is  in  the 

[direction   B\R'i.     The  two  forces  are  in  the 

Ihame  ratio  as  OiB\  is  to  BiB'u  for,  by  the  law 

[of  the  composition  of  forces,  only  then  would 

'the  plumb  line  hang  in  the  direction  0]B'i. 

Tile  problem  of  finding  the  mass  of  the  earth  compared 
to  that  of  the  mountain  now  proceeds  just  like  that  of  find- 
ing the  mas.e  of  the  earth  compared  to  the  balls  BB  in  the 
torsion-balance  method.  The  niountiiin  pUiys  the  rfile  of 
the  large  balls.  A  mountain  50QD  feet  high  and  broad 
would  cause  nearly  800  times  as  much  deflection  as  that 
I  pn)duced  by  an  iron  ball  a  foot  in  diameter.  The  advantage 
[of  the  large  deflection  is  offset  by  not  having  very  accurate 
[IS  of  measuring  it,  and  also  by  the  fact  that  it  is  neces- 
to  determine  the  mass  of  a  more  or  less  irregular  shaped 
stAJn  made  up  of  materials  which  may  lack  much  of 


a- 

Fio.  i«.  —  The 
dcflertion  of  a 
plumb  line. 
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being  uniform  in  density.  In  spite  of  these  drawbacks  this 
method  was  the  first  one  to  give  fairly  accurate  results. 

23.  Determination  of  the  Density  of  the  Earth  by  the 
Pendultun  Method.  —  It  was  explained  in  Art.  15  that  the 
pendulum  furnishes  a  very  accurate  means  of  determining 
the  force  of  gravity.  Its  delicacy  arises  from  the  fact  that 
in  using  it  the  effects  of  the  changes  in  the  forces  accumulate 
indefinitely;  no  such  favorable  circumstances  were  present 
in  the  methods  of  the  torsion  balance  and  the  mountain. 

Suppose  a  pendulum  has  been  swung  at  the  surface  of  the 
earth  so  long  that  the  period  of  its  oscillation  has  been  accu- 
rately determined.  Then  suppose  it  is  taken  at  the  same 
place  down  into  a  deep  pit  or  mine.  The  force  to  which  it 
is  subject  will  be  changed  for  three  different  reasons,  (o)  The 
pendulum  will  be  nearer  the  axis  of  rotation  of  the  earth  and 
the  centrifugal  acceleration  to  which  it  is  subject  will  be 
diminished.  The  relative  change  in  gravity  due  to  this 
cause  can  be  accurately  computed  from  the  latitude  of  the 
position  and  the  depth  of  the  pit  or  mine.  (6)  The  pendu- 
lum will  be  nearer  the  center  of  the  earth,  and,  so  far  as  this 
factor  alone  is  concerned,  the  force  to  which  it  is  subject 
will  be  increased.  Moreover,  the  relative  change  due  to 
this  cause  also  can  be  computed,  (c)  The  pendulum  will  be 
below  a  certain  amount  of  material  whose  attraction  will 
now  be  in  the  opposite  direction.  This  cannot  be  computed 
directly  because  the  amount  of  attraction  due  to  a  ton  of 
matter,  for  example,  is  unknown.  This  is  what  is  to  be 
found  out.  But  from  the  time  of  the  oscillation  of  the  pen- 
dulum at  the  bottom  of  the  pit  or  mine  the  whole  force  to 
which  it  is  subject  can  be  computed.  Then,  on  making  cor- 
rection for  the  known  changes  (a)  and  (6),  the  unknown 
change  (c)  can  be  obtained  simply  by  subtraction.  From 
the  amount  of  force  exerted  by  the  known  mass  above  the 
pendulum,  the  density  of  the  earth  can  be  computed  by 
essentially  the  same  process  as  that  employed  in  the  case 
of  the  torsion-balance  method  and  the  mountain  method. 
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24.  Temperatvire  and  Pressure  in  the  Earth's  Interior.  — 
There  are  many  reasons  for  believing  that  tiic  interior  of  the 
earth  is  very  hot.  For  example,  volcanic  jihenomena  prove 
that  at  least  in  many  locahties  the  temperature  is  above  the 
melting  point  of  rock  at  a  comparatively  short  distance 
below  the  earth's  surface.  Geysers  and  hot  spring.^  show 
that  the  interior  of  the  earth  is  hot  at  manj'  other  piace.s. 
Besides  this,  the  temperature  has  been  found  to  rise  in  deep 
mints  at  the  rate  (jf  alxiut  mie  decree  Fahreulieit  for  u  rle- 
scent  of  100  feet,  the  amount  ilciwudiiig  somewhat  on  the 
locality. 

Suppose  the  temperature  sliould  go  on  iiicreasitig  at  the 
rate  of  one  degree  for  every  hundred  feet  from  the  surface 
to  the  center  of  the  earth.  At  a  depth  of  ten  miles  it  would 
be  over  500  degrees,  at  100  miles  over  5000  tiegrees,  at 
1000  miles  over  50,000  degrees,  and  at  the  center  of  the 
earth  over  200,000  degrees.     While  there  is  no  probability 

fit  the  rate  of  increase  of  temperature  which  prevails 
the  surface  keeps  up  to  gi-eat  dcijths,  yet  it  is  reason- 
ably cert.ain  that  at  a  dejith  of  a  few  hundred  miles  it  is 
several  thou.sand  degrees.  Since  almost  every  substance 
melt^  at  a  temperature  below  5000  degrees,  it  has  been 
supposed  until  recent  times  that  the  interior  of  the  earth, 
below  the  depth  of  100  miles,  is  liquid. 

But  the  great  pressure  tti  which  matter  in  the  interior  of 
the  earth  is  subject  is  a  factor  that  cannot  safely  be  neg- 
lected. A  cylinder  one  inch  in  cross  section  and  1728 
inches,  or  144  feet,  in  height  ha.s  a  volume  of  one  cubic  fuot. 
If  it  is  filled  with  water,  the  pressure  on  the  bottom  equals 
the  weight  of  a  cubic  foot  of  water,  or  02.5  jrounds.  The 
pressure  per  square  inch  on  the  bottom  of  the  column  144 
feet  high  having  (he  density  2.75,  or  that  of  the  earth's 
crust,  is  172  pounds.  The  pressure  per  square  inch  at  the 
depth  of  a  mile  is  (>30U  pounds,  or  3  tons  in  round  numbers. 
The  pressure  is  approximately  proportional  to  the  depth  for 
a  considerable  distance.     Therefore,  the  pressure  per  square 
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inch  at  the  depth  of  100  miles  is  approximately  300  tons, 
and  at  1000  miles  it  is  3000  tons.  However,  the  pressure 
is  not  strictly  proportional  to  the  depth,  and  more  refined 
means  must  be  employed  to  find  how  great  it  is  at  the  earth's 
center.  Moreover,  the  pressure  at  great  depths  depends 
upon  the  distribution  of  mass  in  the  earth.  On  the  basis 
of  the  Laplacian  law  of  density,  which  probably  is  a  good 
approximation  to  the  truth,  the  pressure  per  square  inch  at 
the  center  of  the  earth  i.s  3,000,000  times  the  atmospheric 
pressure  at  the  earth's  surface,  or  22,500  tons. 

It  is  a  familiar  fact  that  pressure  increases  the  boiling 
points  of  liquids.  It  has  been  found  recently  by  experiment 
that  pressure  increases  the  melting  points  of  solids.  There- 
fore, in  view  of  the  enormous"  pressures  at  moderate  depths 
in  the  earth,  it  is  not  safe  to  conclude  that  its  interior  is 
molten  without  further  evidence.  The  question  cannot  be 
answered  directly  because,  in  the  first  place,  there  is  no  very 
exact  means  of  determining  the  temperature,  and,  in  the 
second  place,  it  is  not  possible  to  make  experiments  at  such 
high  pressures.  There  are,  however,  several  methods  of 
proving  that  the  earth  is  solid  through  and  through,  and 
they  will  now  be  con.sidcred. 

26.  Proof  of  the  Rigidity  and  Elasticity  of  the  Earth  by 
the  Tide  Experiment.  —  Among  the  several  lines  of  attack 
that  have  been  made  on  the  question  of  the  rigidity  of  the 
earth,  the  one  depending  on  the  tides  generated  in  the  earth 
by  the  moon  and  sun  has  been  most  satisfactory ;  and  of  the 
methods  of  this  class,  that  devised  by  Michelson  and  carried 
out  in  collaboration  with  Gale,  in  1913,  has  given  by  far 
the  most  exact  results.  Besides,  it  has  settled  one  very 
important  question,  which  no  other  method  has  been  able 
to  answer,  namely,  that  the  earth  is  highly  elastic  instead  of 
being  viscous.  For  these  reasons  the  work  of  Michelson 
and  Gale  will  be  treated  first. 

The  important  difference  between  a  solid  and  a  liquid  is 
that  the  former  offers  resistance  to  deforming  forces  while 
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the  latter  does  not.  If  a  perfect  solid  existed,  no  force  what- 
ever could  deform  it ;  if  a  perfect  liquid  existed,  the  only  re- 
sisUmce  it  would  offer  to  deformation  would  be  the  inertia 
of  the  parts  moved.  Neither  perfect  solids  nor  absolutely 
perfect  liquids  are  known.  If  a  solid  body  has  the  projjerty 
of  )M>in^  deformed  more  and  more  by  a  continually  upplieil 
force,  and  if,  on  the  application  of  the  force  In-'ut^  di.soon- 
tioued,  the  body  not  only  does  not  retake  its  original  form 
but  does  not  even  tend  toward  it ,  then  it  is  said  to  be  inscous. 
Putty  is  a  got»d  example  of  u  niutcrial  that  is  viscous.  On 
the  other  hand,  if  on  the  applieation  of  a  continuous  force 
the  body  is  deformetl  to  a  certain  extent  beyond  which  it 
does  not  go,  and  if,  on  the  removal  of  the  force,  it  returns 
absfilutoly  to  its  original  condition,  it  is  said  to  be  elastic. 
While  there  are  no  solid  bodies  which  are  either  perfectly 
viscous  or  jx'rfectly  elastic,  the  distinction  is  a  clear  and 
important  one,  and  the  characteristics  of  a  solid  may  be 
described  l>y  stating  how  far  it  approaches  one  or  the  other 
of  these  ideal  states. 

In  order  to  find  how  the  earth  is  deformed  by  forces  it  is 
necessary  to  con.sider  what  forces  there  are  acting  on  it. 
The  most  obvious  ones  are  the  attractions  of  the  sun  and 
moon.  But  it  is  not  clear  in  the  first  place  that  these  at- 
tractions tend  to  deform  the  earth,  and  in  the  second  place 
that,  even  if  they  have  such  a  tendeiicv,  the  result  is  at 
all  appreciable.  A  ball  of  iron  attracted  by  a  magnet  is  not 
sensibly  defonned,  and  it  seem.s  that  the  earth  should  be- 
have similarly.  But  the  earth  is  so  large  that  one's  intui- 
tions utterly  fail  in  such  considerations.  The  sun  and 
moon  actually  do  tend  to  alter  the  shape  of  the  earth,  and 
the  amount  of  its  deformation  due  to  their  attractions  is 
measurable.  The  forces  are  precisely  those  that  produce 
the  tides  in  the;  ocean. 

It  will  be  sufficient  at  present  to  give  a  rough  idea,  cor- 
rect so  far  as  it  goes,  of  the  reason  that  the  moon  and  sun 
tides  in  the  earth,  reserving  for  Arts.  263,  2lJ4  a  more 
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complete  treatment  of  the  question.  In  Fig.  17  let  E  rep- 
resent the  center  of  the  earth,  the  arrow  the  direction  toward 
the  moon,  and  A  and  B  the  points  where  the  line  from  E  to 
the  moon  pierces  the  earth's  surface.  The  moon  is  4000 
miles  nearer  to  A  than  it  is  to  E,  and  4000  miles  nearer  to 
E  than  it  is  to  B.    Therefore  the  attraction  of  the  moon  for 
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-  The  tidal  bulges  at  A  and  B  oii  the  earth  produced  by 
the  moon. 


a  unit  mass  at  A  is  greater  than  it  is  for  a  unit  mass  at  E, 
and  greater  for  a  unit  mass  at  £  than  it  is  for  one  at  B. 
Since  the  distance  from  the  earth  to  the  moon  is  240,000 
miles,  the  distance  of  the  moon  from  A  is  fifty-nine  sixtieths 
of  its  distance  from  E.  Since  the  attraction  varies  inversely 
as  the  square  of  the  distance,  the  force  on  A  is  about  one 
thirtieth  greater  than  that  on  E,  and  the  difference  between 
the  forces  on  E  and  B  is  only  slightly  less. 

It  follows  from  the  relation  of  the  attraction  of  the  moon 
for  masses  a.t  A,  E,  and  B  that  it  tends  to  pull  the  nearer 
material  at  A  away  from  the  center  of  the  earth  E,  and  the 
center  of  the  earth  away  from  the  more  remote  material  at  B. 
Since  the  forces  are  known,  it  is  possible  to  compute  the 
elongation  the  earth  would  suffer  if  it  were  a  perfect  fluid. 
The  result  is  two  elevations,  or  tidal  bulges,  at  A  and  B. 
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The  coDcentrir  lines  shown  in  Fig.  17  am  the  bnes  of  equal 
elevation.  A  rather  difficult  mathcrnatiral  discussion  shows 
tliat  the  radii  EA  and  EB  would  each  he  lengthened  by 
about  four  feet.  Since  the  earth  possesses  at  least  some 
degree  of  rigidity  its  actual  tidal  elongation  is  somewhat  less 
than  four  feet.  When  it  is  remrmb<>rf'd  that  the  uncertainty 
in  the  diameter  of  the  earth,  in  spite  of  the  nuuiy  years  that 
have  been  devoted  to  detennining  it,  is  still  several  hundred 
feet,  the  problem  of  finding  how  much  the  earth's  elonga- 
tion, a-s  a  conseq\ipnce  of  the  rapidly  chatininn  tidal  forces, 
falls  short  of  four  feet  seems  altogether  hopeless  of  solution. 
Nevertheless  the  prolilem  h;is  been  solvifj. 

Suppose  a  pipe  half  filled  with  water  is  fastened  in  a  hori- 
xootal  position  to  the  surface  of  the  earth.  The  water  in  the 
pipe  is  subject  to  the  attraction  of  the  moon.  To  fix  the 
ideas,  suppose  the  pipe  Hes  in  the  east-and-west  direction 
in  the  same  latitude  as  the  jioint  .1 ,  Fijt.  17.  Suppose,  first, 
that  the  earth  is  altsolutely  rigid  so  that  it  is  not  deformed 
by  the  moon,  and  consider  what  haiipens  to  the  water  in  the 
pipe  as  the  rotation  of  the  earth  carries  it  past  the  point  ^4. 
When  the  pipe  is  to  the  west  of  .1  the  water  rises  in  its 
eastern  end,  and  settles  correspondingly  in  its  western  end, 
becau.se  the  moon  tends  to  make  an  elevation  on  the  earth 
at  A .  When  the  pipe  is  carried  past  A  to  the  ea.st  the  water 
rises  in  it«  western  end  and  settles  in  its  eastern  end.  Since 
the  earth  is  not  ab.solutely  rigiil  the  magnitudes  of  the  tides 
under  the  hypothesis  thai  it  is  rigid  cannot  be  experimen- 
tally determined  ;  but,  since  all  the  forces  that  are  involved 
are  known,  the  heights  the  tides  would  be  on  a  rigid  earth 
can  be  computed. 

Suppose  now  that  the  earth  yields  perfectly  to  the  disturb- 
ing forces  of  the  moon.  Its  surface  is  in  this  case  always 
the  exact  figure  of  equilibrium.  Consider  the  pipe,  which 
ifl  attached  to  this  surface,  when  it  is  to  the  west  of  A.  The 
water  would  be  high  in  its  eastern  end  if  the  shape  of  the 
surface  of  the  earth  were  unchanged.     But  the  surface  to 
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the  east  of  it  is  elevated  and  the  pipe  is  raised  with  it.  More- 
over, the  elevation  of  the  surface  is,  under  the  present 
hypothesis,  just  that  necessary  for  equilibrium.  Therefore, 
in  this  case  there  is  no  tide  at  all  with  respect  to  the  pipe. 

The  actual  earth  is  neither  absolutely  rigid  nor  perfectly 
fluid.  Consequently  the  tides  in  the  pipe  will  actually  be 
neither  their  theoretical  maximum  nor  zero.  The  amount 
by  which  they  fall  short  of  the  value  they  would  have  if  the 
earth  were  perfectly  rigid  depends  upon  the  extent  to  which 
it  yields  to  the  moon's  forces,  and  is  a  measure  of  this  yield- 
ing. Therefore  the  problem  of  finding  how  much  the  earth 
is  deformed  by  the  moon  is  reduced  to  computing  how  great 
the  tides  in  the  pipe  would  be  if  the  earth  were  absolutely 
rigid,  and  then  comparing  these  results  with  the  actual  tides 
in  the  pipe  as  determined  by  direct  experiment.  After  the 
amount  the  earth  yields  has  been  determined  in  this  way, 
its  rigidity  can  be  found  by  the  theory  of  the  deformation 
of  solid  bodies. 

In  the  experiment  of  Michelson  and  Gale  two  pipes  were 
used,  one  lying  in  the  plane  of  the  meridian  and  the  other  in 
the  east-and-west  direction.  In  order  to  secure  freedom 
from  vibrations  due  to  trains  and  heavy  wagons  they  were 
placed  on  the  grounds  of  the  Yorkes  Obscrvatorj',  and  to 
avoid  variations  in  temperature  they  were  buried  a  number 
of  feet  in  the  ground.  Since  the  tidal  forces  arc  very  small, 
pipes  500  feet  long  were  used,  and  even  then  the  maximum 
tides  were  only  about  two  thousandths  of  an  inch. 

An  ingenious  method  of  measuring  these  small  changes  in 
level  was  devised.  The  ends  of  the  pipes  were  sealed  with 
plane  glass  windows  through  which  their  interiors  could  be 
viewed.  Sharp  pointers,  fastened  to  the  pipe,  were  placed 
just  under  the  surface  of  the  water  near  the  windows.  When 
viewed  from  below  the  level  of  the  water  the  pointer  and  its 
reflected  image  could  be  seen.  Figure  18  shows  an  end  of 
one  of  the  pipes,  S  is  the  surface  of  the  water,  P  is  the  pointer, 
and  P'  is  its  reflected  image.     The  distances  of  P  and  P' 
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from  the  surface  S  are  equal.    Now  suppose  the  water  rises ; 
sinee  P  and  P'  are  equulistant  from  S,  the  change  in  their 
appiiront  distance  is  twict'  (ht^  change 
in   the  water  level.     Tlic  distiinces 
between   P  and  P'  were  accui-ately    /  ■ 

meai»ured   with   tlic  hi'lp  of  pcnna-  /  |^. 

nently    fixed    niicroscoiK's,  and    the  U---?->:-r-r;r-^= 
variations  in  the  water  level   were    --------------    - 

deteriuincd  within  one  per  cent  of 
their  whole  uniount. 

In  order  to  make  clear  the  accuracy  ^      ,„      ,.    ,    , 

•      riG.    Ih.  —  hnd  of    pipe   in 

of  the  results,  the  cotnphcated  nature  the  Michciaou-Oale  tide 
of  the  tides  must  be  pointed  out.  •^»t«ri"«-'" 
Consider  the  tidal  bulges  A  and  B,  Fig.  17,  which  give  an  idea 
of  what  happened  to  the  water  in  five  ])ipes.  For  simplicity, 
fix  the  atti'ntion  on  the  ea.st-and-west  pipe,  which  in  the  ex- 
periment was  about  13°  north  of  the  highest  latitude  A  ever 
att-ains.  The  rolating  earth  carried  it  liaily  across  the  merid- 
ian of  .4  to  the  north  of  .1,  and  Hiiiiilmly  across  the  meridian 
of  B.  When  the  relations  were  as  represented  in  the  dia- 
»m  there  were  considerable  tides  in  the  j)ipe  before  and 
er  it  crossed  the  meridian  at  .1  becau-sc  it  was,  so  to  speak, 
well  on  the  tidal  bulge.  On  the  other  hand,  when  it  crossed 
the  meridian  of  //  about  12  hoiu's  later,  the  titles  were  verj' 
small  ljecau.se  tlie  bulge  B  was  far  south  of  the  equator. 
But  the  moon  was  not  all  the  time  north  of  the  plane  of  the 
th's  equator.  Once  each  month  it  was  28°  north  anil 
Bce  each  month  28°  south,  and  it  varied  from  hour  to  hour 
in  a  rather  irregular  manner.  Moreover,  its  distance,  on 
which  the  magnitudes  of  the  lidsd  forces  d<'pend,  also  changed 
continuously.  Then  aild  to  all  thestr  coniple.xilies  the  cor- 
inding  ones  due  to  the  sun,  which  are  unrelated  to  those 
of  the  moon,  and  which  mix  up  with  them  and  make  the 
phenomena  still  more  involved.  Finally,  consiiler  the  north- 
aad-south  pipe  and  notice,  by  the  help  of  Fig.  17,  that  its 
adea  are  altogether  distinct  in  character  from  those  in  the 
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east-and-west  pipe.  With  all  this  in  mind,  remember  that 
the  observations  made  every  two  hours  of  the  day  for  a 
period  of  several  months  agreed  perfectly  in  all  their  char- 
acteristics with  the  results  given  by  theory.  The  only  dif- 
ference was  that  the  observed  tides  were  reduced  in  a  con- 
stant ratio  by  the  yielding  of  the  earth. 

The  perfection  of  this  domain  of  science  is  proved  by  the 
satisfactory  coordination  in  this  experiment  of  a  great  many 
distinct  theories.  The  perfect  agreement  in  their  charac- 
teristics of  more  than  a  thousand  observed  tides  with  their 
computed  values  depended  on  the  correctness  of  the  laws  of 
motion,  the  truth  of  the  law  of  gravitation,  the  size  of  the 
earth,  the  distance  of  the  moon  and  the  theory  of  its  motion, 
the  mass  of  the  moon,  the  distance  to  the  sun  and  the  theory 
of  the  earth's  motion  around  it,  the  mass  of  the  sun,  the 
theory  of  tides,  the  numerous  observations,  and  the  lengthy 
calculations.  How  improbable  that  there  would  be  perfect 
harmony  between  observation  and  theory  in  so  many  cases 
unless  scientific  conclusions  respecting  all  these  things  are 
correct! 

The  extent  to  which  the  earth  yields  to  the  forces  of  the 
moon  was  obtained  from  the  amount  by  which  the  observed 
tides  were  less  than  their  theoretical  values  for  an  unyielding 
earth.  It  was  found  that  in  the  east-and-west  pipe  the  ob- 
served tides  were  about  70  per  cent  of  the  computed,  while 
in  the  north-and-south  pipe  the  observed  tides  were  only 
about  50  per  cent  of  the  computed.  This  led  to  the  astonish- 
ing conclusion,  which,  however,  had  been  reached  earlier  by 
Schweydar  on  the  basis  of  much  less  certain  observational 
data,  that  the  earth's  resistance  to  deformation  in  the  east- 
and-west  direction  is  greater  than  it  is  in  the  north-and-south 
direction.  Love  has  suggested  that  the  difference  may  be 
due  indirectly  to  the  effects  of  the  oceanic  tides  on  the  general 
body  of  the  earth. 

On  using  the  amount  of  the  yielding  of  the  earth  estab- 
lished by  observations  and  the  magnitude  of  the  forces  exerted 
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by  the  moon  and  sun,  it  was  found  by  the  mathematical 
processes  wliich  are  necessary  in  treating  sueli  problems, 
that  the  e^irth,  taken  as  a  whole,  is  as  riRid  as  steel.  That 
is,  it  resists  defonnation  as  much  as  it  would  if  it  were  made 
of  solid  steel  having  throughout  the  properties  of  ordinary 
good  steel. 

The  work  of  Michelson  and  Gale  for  the  first  time  gave  a 
reliable  answer  to  the  question  whether  the  earth  is  viscous 
or  elastic.  It  had  almost  invariably  been  suppo.sed  that 
the  earth  is  viscous,  because  it  was  Ihoiiglil  that  even  if 
the  enormous  pressure  keeps  the  highly  heated  material  of 
interior  in  a  .solid  state,  yet  it  woul<.l  be  only  stiflf  like 

slid  is  when  its  temperature  approaches  the  tnelting  point. 
In  fact,  Sir  George  Darwin  had  built  up  an  elaborate  theory 
of  tidal  evolution  (Arts.  2().>,  2f>(i),  at  the  cost  of  a  number 
of  years  of  work,  on  the  hyj>othosis  that  the  earth  is  viscous. 
But  the  experiments  of  Michelson  and  Gale  prove  that  it  is 
verj'  elastic. 

If  the  earth  were  viscous,  it  would  yield  somewhat  slowly 
to  the  forces  of  the  moon  and  sun.  Consequently,  the  tilting 
of  the  surface,  which  carries  the  pipes,  would  lag  behind  the 
forces  which  caased  both  the  tilting  and  the  tides  in  the 
pipes.  There  is  no  appreciable  lag  of  a  water  tide  in  the 
pipe  only  ."SOO  feet  long,  and  consequently  the  observed  and 
computctl  tides  would  not  agree  in  phase.  On  the  other 
h-Hnd,  if  the  earth  were  el.'istic,  there  woidd  be  agreement  in 
phase  between  the  observed  and  computed  tides.  It  is  more 
ilifficult  practically  to  determine  accurately  the  phase  of  the 
tides  than  it  is  to  mejisure  their  magnitudes,  but  the  obser- 
vations showed  that  there  is  nt)  appreciable  difference  in  the 
phases  of  the  observe<l  and  cfniiputed  tides.  These  results 
force  the  conclusion  that  the  elasticity  of  the  earth,  taken  as 
a  whole,  cannot  be  less  than  that  of  steel,  —  a  result  ob- 
viously of  great  interest  to  geologists. 

26.  Other  Proofs  of  the  Earths  Rigidity.  —  (a)  There  is 
a  method  of  finding  how  tnucli  the  earth  j-iekls  to  the  forces 
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of  the  moon  and  sun  which  is  fundamentally  equivalent  to 
that  of  measuring  tides  in  a  pipe.  It  depends  on  the  fact 
that  the  position  of  a  pendulum  depends  upon  all  the  forces 
acting  on  it,  and,  if  the  earth  were  in  equilibrium,  the  l;ne 
of  its  direction  would  always  be  perpendicular  to  the  water- 
level  surface.  Consequently,  if  the  earth  yielded  perfectly 
to  the  forces  of  the  moon  and  sun,  a  pendulum  would  con- 
stantly remain  perpendicular  to  its  water-level  surface. 
But  if  the  earth  did  not  jdcld  perfectly,  the  pendulum  would 
undergo  very  minute  oscillations  with  respect  to  the  solid 
part  analogous  to  those  of  the  water  in  the  pipes.  A  modi- 
fication of  the  ordinary  pendulum,  known  as  the  horizontal 
pendulum,  was  found  to  be  sensitive  enough  to  show  the 
oscillations,  giving  the  rigidity  of  the  earth  but  no  satis- 
factory evidence  regarding  its  elasticity. 

(6)  The  principles  at  the  basis  of  the  method  of  employ- 
ing tides  in  pipes  apply  equally  well  to  tides  in  the  ocean. 
Longer  columns  of  water  are  available  in  this  case,  but  there 
is  difficulty  in  obtaining  the  exact  heights  of  the  actual  tides, 
and  very  much  greater  difficulty  in  determining  their  theo- 
retical heights  on  a  shelving  and  irregular  coast  where  they 
would  neces.sarily  be  observed.  In  fact,  it  has  not  yet  been 
found  possible  to  predict  in  advance  with  any  considerable 
degree  of  accuracy  the  height  of  tides  where  they  have  not 
been  observed.  Yet,  Lord  Kelvin  with  rare  judgment  in- 
ferred on  this  basis  that  the  earth  is  very  rigid. 

(c)  Earthquakes  arc  waves  in  the  earth  which  start  from 
some  restricted  region  and  spread  all  over  the  earth,  diminish- 
ing in  intensity  as  they  proceed.  Modem  instruments, 
depending  primarily  on  .some  adaptation  of  the  liorizontal 
pendulum,  can  detect  important  earthquakes  to  a  distance 
of  thousands  of  miles  from  their  origin.  Earthquake  waves 
are  of  different  types;  .some  proceed  through  the  surface 
rocks  around  the  earth  in  undulations  Uke  the  waves  in  the 
ocean,  while  others,  compressional  in  character  like  waves  of 
sound  in  the  air,  radiate  in  straight  lines  from  their  sources. 
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The  spetni  of  a  wave  depends  upon  the  density  and  the 
rigidity  of  the  mwiium  through  which  it  travels.  This  prin- 
ciple applies  to  earthquake  waves,  and  when  testecl  on  those 
which  travel  in  undulations  through  the  surface  rocks  there 
ie  good  agreement  between  observation  and  theory.  Con- 
sider its  application  to  the  compre.ssional  waves  that  go 
through  the  earth.  The  time  required  for  them  to  go  from 
the  place  of  tlieir  origin  to  the  place  where  they  are  observed 
is  given  by  the  observations.  Tiie  density  of  the  earth  is 
known.  If  its  rigidity  were  known,  the  time  could  be  com- 
pute<l ;  but  the  time  being  known,  the  rigidity  cim  be  com- 
puted. While  the  results  are  subject  to  some  uncertainties, 
they  agree  with  those  fotuid  by  other  methods. 

(d)  The  attraction  of  the  moon  for  the  equatorial  bulge 
glowly  changes  the  plane  of  the  earth's  equator  (Art.  47). 
The  magnitude  of  the  force  that  causes  this  change  is  known. 
If  the  ejirth  consisti-il  of  a  crust  not  more  than  a  few  hundred 
miles  deep  floating  on  a  liquid  interior,  the  forces  would 
cause  the  crust  to  slip  on  the  litpiid  cure,  just  a,s  a  vessel  con- 
taining watfr  can  be  rotated  without  rotating  the  water.  If 
the  crust  of  the  earth  alone  were  moved,  it  would  be  shifted 
rapidly  bet%iu.se  the  mass  moved  would  not  be  great.  But 
th«!  rate  at  which  the  plane  of  the  earth's  equator  is  moved, 
SB  given  by  thr^  observations,  taken  together  with  the  forces 
involved,  proves  that  the  whole  earth  moves.  When  the 
effects  of  forces  acting  on  such  an  enormous  body  arc  con- 
8ideri»d,  it  is  found  that  this  fact  means  that  the  earth  ha.s  a 
considerable  degree  of  rigidity. 

(«■)  Evcrj'  one  knows  that  n  top  may  be  spun  so  ttiat  its 
MiOB  remains  stationary  in  a  vertical  direction,  or  so  that  it 
irabbles.  Similarly,  a  body  rotating  freely  in  space  may 
rotate  steadily  amund  a  fixed  a.xis,  or  its  axis  of  rotation 
may  wabble.  The  period  of  the  wal)bling  depends  upon  the 
i««e,  shape,  raa-ss,  rate  of  rotation,  and  rigidity  of  the  body. 
In  the  case  of  the  earth  all  these  factors  except  the  last  may 
be  n^rde<l  as  known,     if  it  were  known,  the  rate  of  wab- 
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bling  could  be  computed ;  or,  if  the  rat*  of  wabbling  were 
found  from  observation,  the  rigidity  could  be  computed. 
It  has  recently  been  found  that  the  earth's  axis  of  rotation 
wabbles  slightly,  and  the  rate  of  this  motion  proves  that  the 
rigidity  of  the  earth  is  about  that  of  steel. 

27.  Historical  Sketch  on  the  Mass  and  Rigidity  of  the 
Earth.  —  The  history  of  correct  methods  of  attempting  to 
find  the  mass  of  the  earth  necessarily  starts  with  Newton, 
because  the  ideas  respecting  mass  were  not  clearly  formu- 
lated before  his  time,  and  because  the  determination  of  mass 
depends  on  the  law  of  gravitation  which  he  discovered.  By 
some  general  but  inconclusive  rea-soning  he  arrived  at  the 
conjecture  that  the  earth  is  five  or  six  times  as  dense  as 
water. 

The  first  scientific  attempt  to  determine  the  density  of 
the  earth  was  made  by  Ma.skelyne,  who  used  the  mountain 
method,  in  1774,  in  Scotland.  He  found  4.5  for  the  density 
of  the  earth.  The  torsion  balance,  devised  by  Michell,  was 
first  employed  by  Cavendish,  in  England,  in  1798.  His 
result  agreed  closely  with  those  obtained  by  later  experi- 
menters, among  whom  may  be  mentioned  Baily  (1840)  in 
England,  and  Reich  (1842)  in  Germany,  Comu  (1872)  in 
France,  Wilsing  (1887)  in  Germany,  Boys  (1893)  in  England, 
and  Braun  (1897)  in  Austria.  The  pendulum  method,  using 
either  a  mountain  or  a  mine  to  secure  difference  in  elevation, 
has  been  employed  a  number  of  times. 

Lord  Kelvin  (then  Sir  William  Thomson)  first  gave  in 
1863  good  rea.sons  for  beUeving  the  earth  is  rigid.  His  con- 
clusion wa.s  based  on  the  height  of  the  oceanic  tides,  as  out- 
Uned  in  Art.  26  (6).  The  proof  by  means  of  the  rate  of 
transmission  of  earthquake  waves  owes  its  possibiHty  largely 
to  John  Milne,  an  Englishman  who  long  Uved  in  Japan, 
which  is  frequently  disturbed  by  earthquakes.  His  interest 
in  the  character  of  earthquakes  stimulated  him  to  the  inven- 
tion of  instruments,  kno\vn  as  seismographs,  for  detecting 
and  recording  faint  earth  tremors.    The  change  of  the  posi- 
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tion  of  the  plane  of  the  earth's  equator,  known  as  the  pre- 
cession of  the  equinoxes,  has  been  known  obscrvationally 
ever  since  the  days  of  the  ancient  Greeks,  and  its  cause  was 
understood  by  Newton,  but  it  has  not  been  used  to  prove 
the  rigidity  of  the  cartli  liecause  it  takes  place  very  slowly. 
The  wal)bUng  of  the  axis  of  tlie  earth  was  first  established 
I  ohservationally,  in  1888,  by  Chandler  of  Cambridge,  Mass., 
and  Kiistner  of  Berlin.  The  theoretical  appUcations  of  the 
rigidity  of  the  earth  were  nuule  first  by  Neweomb  of  Wash- 
ington, and  then  more  completely  by  S.  S.  Hough  of  Eng- 
I  land.  The  first  att^-mpt  at  the  (letcrmination  of  the  rigidity 
[cif  tlie  earth  by  the  amount  it  jiekls  to  the  tidal  forces  of  the 
moon  and  sun  was  made  unsuccf'-ssfulty  in  1879  by  George 
Horace  Darwin,  in  Enghind.  Notable  succe.is  has  been 
ieved  only  in  the  last  15  vears,  and  thstt  by  improvements 
in  the  horizontal  pendulum  and  by  taking  great  care  in 
keeping  the  instruments  from  being  disturbetl.  The  names 
that  stand  out  are  von  Uebeur-Pa.schwitz,  Ehlert,  Kortozzi, 
Schweydar,  Hecker,  and  Orloff.  The  observations  of 
Heeker  at  Potsdam,  Germany,  were  especially  good,  and 
Schweydar  made  two  exhaustive  mathematical  discussions 
of  the  subject. 


III.  QUESTIONS 

1.  What  is  the  difference  between  mass  and  weight  ?    Does  the 
|;bt  of  a  body  depend  on  its  position  ?    Does  the  inertia  of  a 

ly  depend  on  il.s  position  ? 

2.  Can  the  mass  of  a  small  body  be  dotorminpd  from  its  inertia? 
the  mass  of  the  earth  he  determined  iu  tbo  same  way  ? 

What  is  the  average  weight  of  a  oubio  mile  of  the  earth  ? 

4.  Discuss  the  relative  advantages  of  the  torsion-balance  method 
and  mountain  method  in  dotprmiuing  the  den.sity  of  the  earth. 
Which  one  has  the  greater  advantages  ? 

5.  What  is  the  pressure  at  the  bottom  of  au  ocean  six  miles 
deep? 

6.  Discuss  the  character  of  the  tides  in  east-and-west  and  north- 
and-sonth  pipes  during  a  whole  day  whon  tlie  moon  is  in  the  posi- 
tion indicated  in  Pig.  17,  and  w^lion  it  Ls  over  the  earth's  equator. 
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7.  What  are  the  advantages  and  disadvantages  of  a  long  pipe 
in  the  tide  experiment  ? 

8.  If  a  body  is  at  A,  Fig.  17,  is  its  weight  greater  or  less  than 
normal  as  determined  bj'  spring  balances?  By  balance  scales? 
What  are  the  facts,  if  it  is  at  B? 

9.  Enumerate  the  scientific  theories  and  facts  involved  in  the 
tide  experiment. 

10.  IJst  the  principles  on  which  the  several  proofs  of  the  earth's 
rigidity  depend.  How  many  fundamentally  different  methods  are 
there  of  determining  its  rigidity? 

III.    The  Earth's  Atmosphere 

28.  Composition  and  Mass  of  the  Earth's  Atmosphere.  — 

The  atmosphere  is  the  gaseous  envelope  which  surrounds 
the  earth.  Its  chief  constituents  are  the  elements  nitrogen 
and  oxygen,  but  there  are  also  minute  quantities  of  argon, 
helium,  neon,  krypton,  xeon,  and  .some  other  very  rare  con- 
stituents. When  measured  by  volume  at  the  earth's  sur- 
face, 78  per  cent  of  the  atmosphere  is  nitrogen,  21  per  cent 
is  oxygen,  0.94  per  cent  is  argon,  and  the  remaining  elements 
occur  in  much  smaller  quantities. 

Nitrogen,  oxygen,  etc.,  are  elements;  that  is,  they  are 
substances  which  arc  not  broken  up  into  more  fundamental 
units  by  any  physical  or  any  chemical  changes.  The  thou- 
sands of  different  materials  that  are  found  on  the  earth  are 
all  made  up  of  about  90  elements,  only  about  half  of  which 
are  of  very  frequent  occurrence.  The  union  of  elements 
into  a  chemical  compound  is  a  very  fundamental  matter,  for 
the  compound  may  have  properties  very  unlike  those  of  any 
of  the  elements  of  which  it  is  comi)osed.  For  example, 
hydrogen,  carbon,  and  nitrogen  are  in  almost  all  food,  but 
hydrocyanic  acid,  which  is  composed  of  these  elements  alone, 
is  a  deadly  poison. 

Besides  the  elements  which  have  been  enumerated,  the 
atmosphere  contains  some  carlwn  dioxide,  which  is  a  com- 
pound of  carbon  and  oxygen,  and  water  vapor,  which  is 
a  compound  of  oxygen  and   hydrogen.    In  volume  three 
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hundredths  of  one  por  cent  of  the  earth's  atmosphere  is 

carbon  dioxide;  but  this  eompound  i-s  heavier  than  nitrogen 

and  oxj'gen,  and  by  weight,  0.05  per  cent  of  the  atmosphere 

is  carbon  dioxide.     The  amount  of  water  vapor  in  tiie  air 

varies  greatly  with  the  petition  on  the  earth's  surface  and 

I  with  the  time.     There  are  also  small  quantities  of  du.st,  soot, 

I  ammonia,  and  many  other  things  which  occur  in  variable 

I  quantities  and  which  are  considered  as  impurities. 

The  pressure  of  the  atino.sphere  at  sea  level  is  about  15 

,  pounds  per  square  inch  and  its  den.sity  is  about  one  eight- 

I  hun'lre<lth  that  of  water.     This  means  that  the  weight  of  a 

[column  of  air  reaching  from  the  earth's  surface  to  the  limit.s 

I  of  the  atmosphere  ami  having  a  cro.ss  section  of  one  square 

inch  weighs  15  pounds.     The  total  mass  of  the  atmosphere 

can  be  obtained  by  multiplying  the  weight  of  one  column 

[by  the   t<jtal  area  of  the   earth.     In  this  way  it  is   found 

that    the    ma.ss    of     the    earth's    atmosphere     is     nearly 

16,000,000,000.000,000  toiLs,  or  approximately  one  milli»mth 

llhe  raHi^  of  the  s<jlid  earth.     The  total  mass  of  even  the 

I  rarlxjn  dioxide  of  the  earth's  atmosphere  is  approximately 

i  3,<J00.0O(),fH10,000  tons. 

29.   Determination  of  Height  of  Earth's  Atmosphere  from 

Observations  of  Meteors.  —  Meteors,  or  shooting  stars  as 

they  are  commonly  called,  are  minute  bodies,  circuUiting  in 

interplanetary  spat-e,  which  become  visible  only  when  they 

I  penetrate  the  earth's  atmosphere  and  are  mafle  incandescent 

fby  the  resistance  which  they  encounter.     The  great  heat 

[developed  is  a  consequence  of  their  high  velocities,  which 

[ordinarily  are  in  the  neighborhood  of  25  miles  per  second. 

Let  m,  Fig.  19,  represent  the  path  of  a  meteor  before  it 
leowunt^rs  the  atmosphere  at  A.  Until  it  reaches  A  it  is 
I  invisible,  but  at  A  it  begins  to  glow  and  continues  luminous 
[until  it  is  entirely  burne<l  up  at  li.  Suppose  it  is  observed 
from  the  two  stations  Oj  and  Oj  wliich  are  at  a  known  dis- 
Itiince  apart.  The  observations  nt  Oi  give  the  angle  AOiOj, 
'and  those  at  Oj  give  the  angle  AOtOi.     From  these  data  the 
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Fio.  19.  —  Determination  of  the  height  of  meteors. 


other  parts  of  the  triangle  can  be  computed  (compare  Art. 
10).  After  the  distance  OiA  has  been  computed  the  perpen- 
dicular height  of 
A  from  the  sur- 
face of  the  earth 
can  be  computed 
by  using  the  angle 
AOiOt.  Similarly, 
the  height  of  B 
above  the  surface 
of  the  earth  can 
be  determined. 
Observations  of  meteors  from  two  stations  show  that  they 
ordinarily  become  visible  at  a  height  of  from  60  to  100 
miles.  Therefore,  the  atmosphere  is  sufficiently  dense  to 
a  height  of  about  100  miles  to  offer  sensible  resistance  to 
meteors.  Meteors  usually  disappear  by  the  time  they  have 
descended  to  within  thirty  or  forty  miles  of  the  earth's 
surface. 

30.  Determination  of  Height  of  Earth's  Atmosphere  from 
Observations  of  Auroree.  —  Auroras  are  almost  certainly 
electrical  phenomena  of  the  very  rare  upper  atmosphere, 
though  their  nature  is  not  yet  very  well  understood.  Their 
altitude  can  be  computed  from  simultaneous  observations 
made  at  different  stations.  The  method  is  the  same  as  that 
in  obtaining  the  height  of  a  meteor. 

The  southern  ends  of  auroral  streamers  are  usually  more 
than  100  miles  in  height,  and  they  are  sometimes  found  at 
an  altitude  of  500  or  600  miles.  Their  northern  ends  are 
much  lower.  This  means  that  the  density  required  to  make 
meteors  incandescent  is  considerably  greater  than  that  which 
is  sufficient  for  auroral  phenomena. 

31.  Determination  of  Height  of  Earth's  Atmosphere  from 
the  Duration  of  Twilight.  —  Often  after  sunset,  even  to  the 
east  of  the  observer,  high  clouds  are  brilliantly  illuminated 
by  the  rays  of  the  sun  which  still  fall  on  them.    The  higher 
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the  clouds  are,  the  longer  they  are  illuminated.  Similarly, 
the  sun  shines  on  the  upjjer  atmo.sphere  for  a  considerable 
lime  after  it  has  set  or  before  it  rises,  and  gives  the  twilight. 
The  duration  of  twilight  depends  upon  the  height  of  the 
atmosphere.  While  it  is  difficult  to  determine  the  instant 
at  which  the  twilight  ceases  to  bo  \isiblr,  ob.servations  show 
that  under  favorable  weather  conditions  it  does  not  disap- 
pear until  the  sun  is  18  degree^s  below  the  horizon. 

In  onler  to  sec  how  (he  height  of  the  ritm<js])here  can  l)e 
determined  from  theduiatiou  of  the  twilight,  consider  Fig.  20. 
The  sun's  rays 
come  in  from  tlie 
left  in  hnes  that 
are  sensibly  par- 
allel. The  ob- 
server at  0  can 
see  the  illumin- 
ated atmosphere 
at  P ;  but  if  the 
atmosphere  were 
much  shallower, 
it  would  not  be 
visible  to  him.  The  region  P  i.s  midway  between  O  and  the 
sunset  point.  Since  O  is  18  degrees  from  the  sunset  point,  it 
is  possible  to  compute  the  height  of  the  [)l;tne  of  the  horizon 
at  P  above  the  surface  of  the  earth.  It  is  found  that  18 
degrees  corresponds  to  an  altitude  of  iiO  miles.  That  is,  the 
atmosphere  extends  to  a  lieight  of  .50  miles  above  the  earth's 
surface  in  quantities  sufficient  to  produce  twiliglit. 

The  results  obtained  by  the  various  methods  for  determin- 
ing the  height  of  the  atmosphere  disagree  because  its  density 
decreases  with  altitude,  as  is  found  by  ascending  in  balloons, 
and  different  densities  are  required  to  j)rnduee  the  different 
phenomena.  It  will  convey  the  correct  itle;i  for  most  appli- 
I  cations  to  state  that  the  atmosphere  does  not  extend  in  ap- 
preciable quantities  beyond  100  miles  above  the  earth's  sur- 


Fia.   20.  —  Determination    of    the    height    of 
atmosphere  from  the  duration  of  twilight. 


the 


68  AN   INTRODUCTION  TO  ASTRONOMY    [ch.  ii,  31 

face.  At  this  altitude  its  density  is  about  one  four  hundred- 
millionth  of  that  at  the  surface.  When  the  whole  earth  is 
considered  it  is  found  that  the  atmosphere  forms  a  relatively 
thin  layer.  If  the  earth  is  represented  by  a  globe  8  inches 
in  diameter,  the  thickness  of  the  atmosphere  on  the  same 
scale  is  only  about  one  tenth  of  an  inch. 

32.  The  Kinetic  Theory  of  Gases.  —  It  has  been  stated 
that  every  known  substance  on  the  earth  is  composed  of 
about  90  fundamental  elements.  A  chemical  combination 
of  atoms  is  called  a  molecule.  A  molecule  of  oxygen  con- 
sists of  two  atoms  of  oxygen,  a  molecule  of  water  of  two 
atoms  of  hydrogen  and  one  of  oxygen,  and  similarly  for  all 
substances.  Some  molecules  contain  only  a  few  atoms  and 
others  a  great  many ;  for  example,  a  molecule  of  cane  sugar 
is  composed  of  12  atoms  of  carbon,  22  of  hydrogen,  and  11 
of  oxygen.  As  a  ruh;  the  compounds  devclojied  in  connec- 
tion with  the  life  processes  contain  many  atoms. 

The  molecules  are  all  very  minute,  though  their  dimen- 
sions doubtless  vary  with  the  number  and  kind  of  atoms 
they  contain.  Lord  Kelvin  devised  a  number  of  methods 
of  determining  their  size,  or  at  least  the  distances  between 
their  centers.  In  water,  for  examjjle,  there  are  in  round 
numbers  500,000,000  in  a  line  of  thorn  one  inch  long,  or  the 
cube  of  this  number  in  a  cubic  inch. 

In  .solids  the  molecules  are  constrained  to  keep  essentially 
the  same  relations  to  one  another,  though  they  are  capable 
of  making  complicated  small  \'ibrations.  In  liquids  the 
molecules  continually  suffer  restraints  from  neighboring 
molecules,  but  their  relative  positions  are  not  fixed  and  they 
move  around  among  one  another,  though  not  with  perfect 
free<iom.  In  gases  the  molecules  are  jierfectly  free  from  one 
another  except  when  they  collide.  .  They  move  mih  great 
speed  and  collide  with  extraordinary  frequency  ;  but,  in  spite 
of  the  frequency  of  the  collisions,  the  time  during  which 
they  are  uninfluenced  by  their  neighbors  is  very  much  greater 
than  that  in  which  they  are  in  effective  contact. 
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The  pressure  exerted  by  a  gas  is  due  to  the  impact  of  its 
molwule^  on  the  walls  of  tlie  retaining  vessel.  To  make  the 
idtvLS  definite,  cou.sider  a  eulnc  foot  of  atmosi)licre  at  sea-level 
pressure.  Its  weight  is  about  one  anil  one  fourth  ounces, 
but  it  exerts  a  pressure  of  15  [wumls  on  eaeli  s()uare  inch  of 
each  of  its  six  surfaces,  or  a  totul  pre.ssure  on  the  surface  of 
the  cube  of  more  than  six  tons.  This  implies  tliat  the  mole- 
cules move  with  enormous  speed.  They  do  not  all  move 
with  the  same  speed,  but  some  travel  slowly  while  others  go 
much  faster  than  the  average.  Theoretically,  at  least,  in 
everj'  gas  there  are  molecules  moving  with  every  velocity, 
however  great,  but  the  number  of  those  having  any  given 
velocity  diminishes  rapidly  aj*  it*;  difference  from  the  aver- 
age velocity  increases.  The  average  velocity  of  molecules 
in  common  air  at  ordinary  temperature  and  pressure  is  mure 
than  1600  feet  per  second,  and  on  the  average  each  mole- 
cule has  5,000,000,000  collisions  per  .second.  Therefore  the 
average  distance  traveled  between  collisions  is  only  about 
laAao  of  an  inch. 

From  the  kinetic  theory  of  gases  it  is  possible  to  deter- 
mine how  fiust  the  density  of  the  air  diminishes  with  increa.se 
of  altitude.  It  is  found  that  about  one  half  of  the  earth's 
atmosphere  is  within  the  first  3.5  miles  of  its  surface,  that 
one  half  of  the  remainder  is  contained  in  the  next  3.5  miles, 
nod  so  on  until  it  is  so  rare  that  the  kinetic  theory  no  longer 
applies  without  sen.sible  modifications. 

33.  The  Escape  of  Atmospheres.  —  Suppose  a  body  is 
projected  upward  from  the  surface  of  the  earth.  The  height 
to  which  it  rises  depends  upon  the  speed  with  wliich  it  is 
started.  The  greater  the  initial  spee«l,  the  higher  it  will  rise, 
1  and  there  is  a  certain  definite  initial  velocity  for  which,  neg- 
le«ting  the  resistance  of  the  air,  it  will  leave  the  earth  and 
never  return.  This  i.«  the  velocity  of  escape,  and  for  the 
earth  it  is  a  little  less  than  7  miles  per  second. 

Tlw  molecules  in  the  earth's  atmosphere  may  be  con- 
[jiidered  as  projectiles  wiiich  dart  in  every  direction.     It  has 
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been  scon  that  there  is  a  sniixil  fraction  nf  them  which 
move  with  a  vt>kicity  as  (q'cat  :is  7  iiiii<'.s  jht  .second.  Half  of 
these  will  move  toward  points  in  the  sky  and  consequently 
would  escape  from  the  earth  if  they  tlid  not  encounter  other 
molecules.  But  in  \-iew  of  the  great  frequency  of  collisions 
of  molecules,  it  is  evident  that  only  a  very  small  fraction  of 
those  which  move  with  high  velocities  can  e,sca])e  from  the 
earth.  However,  it  seems  certain  that  some  molecules  will 
be  lost  in  this  way,  and,  .so  far  £us  this  factor  is  concerned, 
the  earth's  atmosphere  is  being  continually  depleted.  The 
process  is  much  more  rapid  in  the  case  of  bodies,  such  as 
the  moon,  for  exam]>le,  whose  masses  and  attractions  are 
much  smaller,  and  for  which,  therefore,  the  velocity  of 
escape  is  lower. 

It  should  not  be  inferred  from  this  that  the  earth's  at- 
mos]>here  is  diminishing  in  amount  even  if  possible  replenish- 
ment from  the  rocks  and  its  interior  is  neglected.  When  a 
molecule  escapes  from  the  earth  it  is  still  subject  to  the  attrac- 
tion of  the  sun  and  goes  around  it  in  an  orbit  which  crosses 
that  of  the  e^irth.  Therefore  the  earth  htis  a  chance  of 
acquiring  the  mtjlecule  again  bj'  collision.  The  only  excep- 
tion to  this  statement  is  when  the  molecule  escajKW  with  a 
velocity  so  high  that  the  sun's  attmclion  cannot  control  it. 
The  velocity  neces.sary  in  order  that  the  molecule  shall 
escape  both  the  earth  and  the  sun  depends  upon  its  direction 
of  motion,  but  averages  about  25  miles  per  second  and  cannot 
be  less  than  19  miles  per  second.  But  besides  the  molecules 
that  have  escaped  from  the  earth  there  are  doubtless  many 
others  revolving  around  the  sun  near  tlie  orbit  of  the  earth. 
These  also  can  be  acquired  by  collision.  The  earth  is  so 
old  and  there  has  been  so  much  time  for  losing  and  acquir- 
ing an  atmosphere,  molecule  by  molecule,  that  probably  an 
equihbrium  hm*  been  reached  in  whii-h  the  number  of  mole- 
cules lost  equals  the  number  gained.  The  situation  is 
analogous  to  a  large  vessel  of  water  placed  in  a  sealed 
room.     The  water  evaporates  until  the  air  above  it  becomes 
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so  nearly  saturated  that  tlio  vessel  acquires  as  many  mole- 
cules of  water  vapor  by  collisions  as  it  loses  by  evaporation. 

The  doctrine  of  the  escape  of  atmos))hpres  implies  that 
bodies  of  small  m:uss  will  iiave  iimiteii  ;iiul  iicrluips  inappre- 
ciable  atmospheres,  and  Ihat  those  of  large  mass  vnW  have 
e.xt^'nsive  atmospheres.  The  implications  of  the  theory  are 
exactly  verified  in  exi)erience.  For  cxiunplc,  the  moon,  with 
a  mass  ^  that  of  the  earth  and  a  velocity  of  escape  of 
about  1.5  miles  jmt  second,  has  no  sensible  atmosphere.  On 
the  other  hand,  .lupiter.  \sith  a  ma.ss  318  times  th;it  of  the 
earth  and  a  velocity  of  e-scape  of  37  miles  per  second,  has 
an  enormous  atmosphere.  These  extmiples  are  typical  of 
the  fact->  furnished  by  all  kno^^^l  celestial  bodies. 

34.  Effects  of  the  Atmosphere  on  Climate.  —  Aside  from 
the  heat  receivwl  from  (he  sun,  the  most  important  factor 
afr«M*ting  the  earth's  climate  is  its  afmusphere.  It  tends  to 
equalize  the  temperature  in  three  important  ways,  {a)  It 
makes  the  temperature  at  any  one  place  more  uniform  than 
it  would  otherwise  be,  and  (b)  it  reduces  to  a  large  extont 
the  variationa  in  terajjerature  in  different  latitudes  that 
would  otherwi.se  exi.st.  And  (c)  it  distributes  water  over  the 
surface  of  the  earth. 

(a)  Consider  the  day  side  of  the  earth.  The  rays  of  the 
sun  are  partly  absorbed  by  the  atmosphere  and  the  heating 
of  the  earth's  surface  is  thereby  reducctl.  The  amount 
absorbed  at  sea  level  is  possibly  as  much  a.s  40  per  cent. 
Everj'  one  is  familiar  with  the  fact  that  on  a  mountain, 
above  a  part  of  the  atmosphere,  sunlight  is  more  intense  than 
it  i.<«  at  lower  levels.  But  at  night  the  effects  are  reversed. 
The  heat  that  the  atmosphere  has  absorbed  in  the  daytime 
ie  fadiated  in  every  direction,  and  hence  some  of  it  strikes 
the  earth  and  warms  it.     Besides  this,  at  night  the  earth 

Indiatei<  the  heat  it  ha.s  received  in  the  daytime.  The  at- 
mosphere alx»ve  reflect.s  some  of  the  radiated  heat  directly 
back  to  the  earth,  .\nother  portion  of  it  is  absorbed  and 
radiated  in  every  direction,  and  consequently  in  part  back 
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to  the  earth.  In  short,  the  atmosphere  acts  as  a  sort  of 
blanket,  keeping  out  part  of  the  heat  in  the  daytime,  and 
helping  to  retain  at  night  that  which  has  been  received.  Its 
action  is  analogous  to  that  of  a  glass  with  which  the  gardener 
covers  his  hotbed.  The  results  are  that  the  variations  in 
temperature  between  night  and  day  are  reduced,  and  the 
average  temperature  is  raised. 

(b)  The  unequal  heating  of  the  earth's  atmosphere  in 
various  latitudes  is  the  primary  cause  of  the  winds.  The 
warmer  air  moves  toward  the  cooler  regions,  and  the  cold 
air  of  the  higher  latitudes  returns  toward  the  equator.  The 
trade  winds  arc  examples  of  these  movements.  Their  im- 
portance will  be  understood  when  it  is  remembered  that 
wind  velocities  of  15  or  20  miles  an  hour  are  not  uncommon, 
and  that  there  is  about  15  pounds  of  air  above  every  square 
inch  of  the  earth's  surface. 

One  of  the  effects  of  the  winds  is  the  production  of  the 
ocean  current.^  which  are  often  said  to  be  dominant  factors 
in  modifying  climate,  but  which  are,  as  a  matter  of  fact, 
relatively  unimportant  consequences  of  the  air  currents.  A 
south  wind  will  often  in  the  course  of  a  few  hours  raise  the 
temperature  of  the  air  over  thousands  of  square  miles  of 
territorj'  by  20  degrees,  or  even  more.  In  order  to  raise  the 
temperature  of  the  atmosphere  at  constant  pressure,  over 
one  square  mile  through  20  degrees  by  the  combustion  of  coal 
it  would  be  necessary  to  burn  ten  thousand  tons.  This 
illustration  .serves  to  give  some  sort,  of  mental  image  of  the 
groat  influence  of  air  currents  on  climatic  conditions,  and  if 
it  were  not  for  them,  it  is  probable  that  both  the  equatorial 
and  polar  re^ons  would  be  uninhabitable  bj'  man. 

36.  Importance  of  the  Constitution  of  the  Atmosphere.  — 
The  blanketing  effect  of  the  atmosphere  depends  to  a  con- 
siderable extent  on  its  constitution.  Every  one  is  familiar 
with  the  fact  that  the  early  autumn  frosts  occur  only  when 
the  air  is  clear  and  has  low  humidity.  The  reason  is  that 
water  vapor  is  less  transparent  to  the  earth's  radiations  than 
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are  nitrogen  and  oxygen  gas.  On  the  other  hand,  there  is 
not  so  much  difference  in  tiieir  absorption  of  the  rays  that 
come  from  tlie  sun.  The  reason  is  that  the  very  hot  sun's 
rays  are  largely  of  .short  wave  length  (.\rt.  211);  that  is, 
they  are  to  a  considerable  extent  in  the  blue  end  of  the  spec- 
trum, while  the  radiation  from  the  conler  earth  is  almost 
entirely  comjw.sed  of  the  much  longer  heiit  rays.  Ordinary 
glass  has  the  same  property,  for  it  transmits  the  sun's  rays 
almost  jjerfectly,  while  it  is  a  pretty  good  screen  for  the  rays 
emitted  by  a  .stove  or  radiator. 

The  water-vapor  content  of  the  atmosphere  varies  and 
camiot  .surpa.ss  a  certain  amount.  But  cnrbon  dioxide  has 
the  same  absorbing  properties  as  water  vajxjr.  nnd  in  .spite 
of  the  fact  that  it  makes  up  only  a  very  .small  jiart  uf  the 
earth's  atmosphere,  Arrheuius  boliev<'s  that  it  h:is  important 
climatic  effects.  He  concluded  that  if  the  quiintity  uf  it 
in  the  air  were  doubled  the  climate  would  be  appreciably 
warmer,  and  that  if  half  of  it  were  removed  the  average 
temperature  of  the  earth  would  fall,  ('hamherlin  has  shown 
that  there  are  reasons  for  believing  that  the  amount  of 
carbon  dioxide  has  varied  in  long  oscillations,  and  he  sug- 
gested that  this  maj'  be  the  explanation  uf  the  ice  ages,  with 
intervening  warm  epochs,  which  the  middle  latitudes  have 
experience<l. 

If  the  effect  of  carbon  dioxide  on  the  climate  has  been 
corretttly  estimated,  its  production  by  the  recent  enormous 
sumption  of  coal  rai.ses  the  interesting  rjuestion  whether 
at  isi-st  is  not  in  this  way  seriously  iiitcrferinK  with  the 
cosmic  proces,ses.  At  the  present  time  about  1,(K)0,()0(),(H10 
tons  of  coal  are  mined  and  bunie<l  annually.  In  order  to 
bum  12  ix)unds  of  coal  '.i'2  jx.iunds  uf  uxygrn  arc  roquiicd, 
and  the  result  of  the  combustion  is  12  +  32  =  44  pounds 
i  of  carbon  dioxide.  Consequently,  by  the  combustion  of 
coal  there  is  now  annually  jjroduced  by  man  aliuut 
1 3.670,000,000  tons  of  carbon  dioxide.  On  referring  to  the 
total  amount  of  carbon  dio.xide  now  in  the  air  (Art.  28),  it 
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is  seen  that  at  the  present  rate  of  combustion  of  coal  it  will 
be  doubled  in  800  years.  Consequently,  there  are  grounds 
for  believing  that  modem  industry  may  have  sensible 
climatic  effects  in  a  few  centuries. 

36.  R61e  of  the  Atmosphere  in  Life  Processes.  —  Oxygen 
is  an  indispensable  element  in  the  atmosphere  for  all  higher 
forms  of  animal  life.  It  is  taken  into  the  blood  stream 
through  the  Itmgs  and  is  used  in  the  tissues.  Its  proportion 
in  the  atmosphere  is  probably  not  very  important,  for  it 
seems  probable  that  if  it  had  always  been  much  more  or 
much  less,  animals  would  have  become  adapted  to  the  dif- 
ferent condition.  But  if  the  earth's  crust  had  contained 
enough  material  which  readily  unites  with  oxygen,  such  as 
hydrogen,  silicon,  or  iron,  to  have  exhaustetl  the  supply,  it 
seems  certain  that  animals  with  warm,  red  blood  could  not 
have  developed.  Such  considerations  are  of  high  impor- 
tance in  speculating  on  the  question  of  the  habitabiUty  of 
other  planets. 

The  higher  forms  of  vegetable  matter  are  largely  composed 
of  carbon  and  water.  The  carlx)n  is  obtained  from  the  car- 
bon dioxide  in  the  atmosphere.    The  carbon  and  oxygen  are 

J    separated   in    the    cells   of    the 
/   plants,  the  carbon  is  retained,  and 
/        the  oxygen  is  given  back  to  the  air. 
37.  Refraction  of  Light  by  the 
Atmosphere. — When  light  passes 
from  a  rarer  to  a  denser  medium 
it  is  bent  toward  the  perpendic- 
ular to  the  surface  between  the 
~i         ^       *  '   two  media,   and  in  general  the 

Fio.  21.  — The  refraction  of     greater  the  difference  in  the  densi- 
'*   ■  ties  of  the  two  media,  the  greater 

is  the  bending,  which  is  called  refraction.    Thus,  in  Fig.  21, 
the  ray  \  which  strikes  the  surface  of  the  denser  medium 
at  A  is  bent  from  the  direction  A  B  toward  the  perpendicular " 
to  the  surface  AD  and  takes  the  direction  AC. 


Now  con.sider  a  ray  of  light  striking  the  earth's  atmosphere 
obliquely.  The  density  of  the  air  increases  from  its  outer 
fiorders  t«  the  stu-face 
of  the  earth.  Con.se- 
quently,  a  ray  of  light  is 
bent  more  nnd  more  as  it 
proceeds  down  through 
the  ftir.  Let  /,  Fig.  22, 
r«'present  a  ray  of  hght 
coming  from  a  star  .S'  to 
an  observer  at  0.  The 
frtar  is  really  in  the  direc- 
tion OS",  l)ut  it  ap{ie!irs  to  be  in  the  direction  OS'  from 
which  the  light  conies  when  it  strikes  the  observer'.s  eye.  The 
nnglo  between  OS"  and  OS'  is  the  angle  of  refraction.  It  is 
zero  for  a  .star  at  the  zenith  and  incroa.scs  to  a  little  over 
one-half  of  a  degree  for  one  at  the  horizon.     For  this  reason  a 
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Fw.  23  — The  sun  is  nppansntly  flalleiicd  by  refraction  when  it  is  on  the 

huriioii. 

celfstial  body  apparently  rises  before  it  is  actually  above  the 
htirizon,  and  is  visible  until  after  it  has  really  set.  If  the 
sun  or  moon  is  on  the  horizon,  its  buttoni  part  is  apparently 
raisetl  more  than  its  top  part  by  refraction,  so  that  it  seems 
to  bo  flattened  in  the  vertical  direction,  as  is  shown  in  Fig.  23. 
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38.  The  Twinkling  of  the  Stars.  —  The  atmosphere  is  not 
only  of  variable  density  from  it«  highest  regions  to  the  sur- 
face of  the  earth,  but  it  is  always  disturbed  by  waves  which 
cause  the  dcasity  at  a  given  point  to  vary  continually. 
These  variations  in  density  cause  constant  small  changes  in 
the  refraction  of  light,  and  consequently  alterations  in  the 
direction  from  which  the  light  appears  to  come.  When 
the  source  is  a  point  of  light,  as  a  star,  it  twinkles  or  scintil- 
lates. The  twinkling  of  the  stars  is  particularly  noticeable 
in  winter  time  on  nights  when  the  air  is  cold  and  unsteady. 
The  variation  in  refraction  is  different  for  different  colors, 
and  consequently  when  a  star  twinkles  it  flashes  sometimes 
blue  or  green  and  at  other  times  red  or  yellow.  Objects  that 
have  disks,  even  though  they  are  too  small  to  be  discerned 
with  the  unaided  eye,  appear  much  steadier  than  stars  because 
the  irregular  refractions  from  various  parts  seldom  agree  in 
direction,  and  consequently  do  not  displace  the  whole  object. 

IV.  QUESTIONS 

1.  What  is  the  weight  of  the  air  in  a  room  16  feet  square  and 
10  feet  high? 

^  2.  How  many  pounds  of  air  pas.s  per  minute  through  a  windmill 
12  fept  in  diameUT  in  a  breeze  of  20  miles  per  hour? 

3.  Compute  the  approximate  total  atmospheric  pressure  to  which 
a  person  is  subject. 

.  ,4.  What  is  the  density  of  the  air,  compared  to  its  density  at  the 
surface,  at  heights  of  .50, 100,  and  .500  miles,  the  density  being  deter- 
mined by  the  law  given  at  the  end  of  Art.  32?  This  gives  an  idea 
of  the  density  required  for  the  phenomena  of  twilight,  of  meteors, 
and  of  aurorse. 

.5.   Draw  a  diagram  sliowing  the  earth  and  its  atmosphere  to  scale. 

6.  The  earth's  mass  is  slowly  growing  by  the  acquisition  of 
meteors ;  if  there  is  nothing  to  offset  this  growth,  will  its  atmosphere 
have  a  tendency  to  increase  or  to  decrease  in  amoxmt? 

7.  If  the  earth's  atmosphere  increases  or  decreases,  as  the  case 
may  l)e,  what  will  be  the  effe<'t  on  the  mean  temperature,  the  daily 
range  at  anv  pluce,  and  the  range  over  tlie  earth's  whole  surface? 

.  S.  If  tlie  earth's  surfac"  wcr-'  <1  'V')id  of  water,  what  would  be  the 
effect  on  the  mean  tempera t.urc\  tli ;  daily  range  at  any  place,  and 
the  range  over  its  whole  surface? 
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39.  The  Relative  Rotation  of  the  Earth.  —  The  mo.st 
iul  oli.sprvpr  of  tho  heavens  has  noticed  that  not  only 
thp  sun  and  moon,  but  also  the  stars,  rise  in  the  ra.'it,  pa-ss 
across  the  sky,  and  set  in 
the  west.  At  least  this  is 
tnie  of  tho.se  stars  which 
cross  the  meridian  south 
of  the  zenith.  Figure  24 
is  a  photograph  of  Orion 
in  which  the  toiescopc  was 
kept  fixed  w^hile  the  .stars 
pa.sscd  in  front  of  it,  and 
the  horizontal  streak.?  are 
the  images  traced  out  by 
the  .'?tars  on  tho  photo- 
graphic plate. 

The  stars  in  the  north- 
ern heavens  describe  circles 
around  the  north  pole  of 
the  sky  as  a  center.  Two  hours  of  observation  of  the  posi- 
tion of  the  Big  Dipper  will  show  the  character  of  the  motion 
Tci;>'  clearly.  Figure  2.5  shows  circumpolar  star  trails  secured 
by  pointing  a  fixed  tele^scope  toward  the  pole  star  and  giving 
an  exposure  of  a  little  over  an  hour.  The  conspicuou.s 
Btreak  a  little  Iwlow  and  to  the  left  of  the  center  is  the 
trail  of  the  pole  star,  which  therefore  is  not  exactly  at  the 
pole  of  the  heavens.      A  compari.son  of  this  picture  with 
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Via.  24.  —  .Sti>r  trails  of  brigliU-r  stars 
in  Orion  (Barnard). 
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thr  northrrn  sky  will  show  that  most  nf  the  stars  whose 
trails  arp  seen  arc  quitp  iiivisibk'  to  the  unaided  pyp. 

Since  all  the  heavenly  bodies  rise  in  the  east  (except  those 
80  near  the  pole  that  they  simply  go  around  it),  travel  across 

the  sky,  and  set 
in  the  west,  to 
reappear  again  in 
the  ea^t,  it  fol- 
lows that  either 
they  go  around 
the  earth  from 
east  to  west,  or 
the  earth  turns 
from  west  to 
east.  So  far  as 
the  simple  mo- 
tions of  the  sun, 
moon,  and  stars 
are  concerned 
both  hypotheses 
are  in  perfect 
harmony  with 
theobservations, 
and  it  is  not  pos- 
sible to  decide 
which  of  them  is  correct  without  additional  data.  All  the 
apparent  motions  prove  is  that  there  is  a  relative  motion 
of  the  earth  with  respect  to  the  heavenly  bodies. 

It  is  often  supposed  that  the  ancients  were  unscientific, 
if  not  stupid,  becaase  they  believcfi  that  the  eaith  was  fixed 
and  that  the  sky  went  around  it,  but  it  has  been  seen  that 
80  far  as  their  data  bore  on  the  question  one  theory  was  as 
good  as  the  other.  In  fact,  not  all  of  them  thought  that 
the  earth  was  fixerl.  The  earliest  philosopher  who  is  known 
to  have  believed  in  the  rotation  of  the  earth  was  Philolaus, 
a  Pythagorean,  who  lived  id  the  fifth  century  B.C.     His 


Fio.   25.  —  Cinuniptjlar  stnr  trailrt  (Ritclicy). 
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ideas  were  more  or  less  mystical,  but  they  seem  to  have  had 
some  influence,  for  they  were  quoted  by  Copernicus  (1473- 
1543)  in  his  great  work  on  the  theorj'  of  the  motions  in  the 
solar  system.  Aristotle  (384-322  b.c.)  rpfognized  tht-  fact 
that  the  apparent  motions  of  the  stars  can  be  explained 
either  by  tlieir  revolution  arounil  thp  parth,  or  by  the  rota- 
lion  of  the  earth  on  its  axis.  Aristjirduis  of  8anu)H  (310- 
250  B.C.)  made  the  clearest  statements  regarding  both  the 
rotation  and  the  revolution  of  the  earth  of  any  pliilosoplier 
of  antiquity.  But  Hipparchus  (I8U-I1U  b. (.■.),  who  was  the 
greatest  astronomer  of  antiquity,  and  whose  discoveries 
were  ver>'  numerous  and  valuablf,  bi'lieved  in  the  fixity  of 
the  earth.  He  was  followed  in  this  opinion  by  Ptolemy 
(100-170  A.D.)  and  every  other  astronomer  of  note  down  to 
Copernicus,  who  believed  the  earth  rotated  and  revolved 
around  the  sun. 

40.  The  Laws  of  Motion.  —  One  method  of  attacking 
the  question  of  whether  or  not  any  particular  body,  such  as 
the  earth,  moves  is  to  consider  the  laws  of  motion  of  bodies 
in  general,  and  then  to  answer  it  on  the  basis  of,  and  in 
harmony  with,  those  laws.  The  laws  of  nature  are  in  a 
fundamental  respect  diflferent  from  civil  laws,  atui  it  is  un- 
fortunate that  the  same  term  i.s  used  for  both  of  them.  A 
civil  law  prescriWs  or  forbids  a  moch'  of  conduct,  with  pen- 
alties if  it  is  violated.  It  can  be  violated  at  pleasure  if  one 
is  willing  to  run  the  chance  of  suffering  the  penalty.  On 
the  other  hand,  a  law  of  nature  docs  not  prescribe  or  compel 
anything,  but  is  a  description  of  the  waj-  all  phenomena  of 
a  certain  clas.s  succeed  one  another. 

The  laws  of  motion  are  statements  of  the  way  bodies 
actually  move.  They  were  first  given  by  Newton  in  UiStJ, 
although  they  were  to  some  extent  understood  by  his  prede- 
cessor Galileo.  Newton  called  them  nxiamti  although  they 
an*  by  no  means  selfn'vidcnt,  as  is  proved  by  the  fact  that 
for  thousands  of  years  they  were  quite  unknown.  The  laws, 
easentially  as  Newton  gave  them,  are : 
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Law  I.  Every  body  continues  in  its  state  of  rest,  or  of  uni- 
form motion  in  a  straight  line,  unless  it  is  compelled  to  change 
that  state  by  an  exterior  force  acting  upon  it. 

Law  II.  The  rate  of  change  of  motion  of  a  body  is  direcUy 
proportional  to  the  force  applied  to  it  and  inversely  propor- 
tional to  its  mass,  and  the  change  of  motion  takes  place  in  the 
direction  of  the  line  in  which  the  force  acts. 

Law  III.  To  every  action  there  is  an  equal  and  oppositely 
directed  reaction ;  or,  the  mutual  actions  of  two  bodies  are  al- 
ways equal  and  oppositely  directed. 

The  importance  of  the  laws  of  motion  can  be  seen  from  the 
fact  that  every  astronomical  and  terrestrial  phenomenon 
involving  the  motion  of  matter  is  interpreted  by  using  them 
as  a  basis.  They  are,  for  example,  the  foundation  of  all 
mechanics.  A  little  reflection  will  lead  to  the  conclusion 
that  there  are  few,  if  indeed  any,  phenomena  that  do  not  in 
some  way,  directly  or  indirectly,  depend  upon  the  motion 
of  matter. 

The  first  law  states  the  important  fact  that  if  a  body  is  at 
rest  it  will  never  begin  to  move  unless  some  force  acts  upon 
it,  and  that  if  it  is  in  motion  it  will  forever  move  with  uniform 
speed  in  a  straight  line  unless  some  exterior  force  acts  upon 
it.  In  two  respects  this  law  is  contradictorj'  to  the  ideas 
generally  maintained  before  the  time  of  Newton.  In  the 
first  place,  it  had  been  supposed  that  bodies  near  the  earth's 
surface  would  descend,  because  it  was  natural  for  them  to  do 
i  so,  even  though  no  forces  were  acting  upon  them.  In  the 
}  second  place,  it  had  been  supposed  that  a  moving  body  would 
stop  unless  some  force  were  continually  applied  to  keep  it 
going.  These  errors  kept  the  predeces.sors  of  Newton  from 
getting  any  satisfactory  theories  regarding  the  motions  of 
the  heavenly  bodies. 

The  second  law  defines  how  the  change  of  motion  of  a 
body,  in  both  direction  and  amount,  depends  upon  the  ap- 
plied force.  It  asserts  what  happens  when  any  force  is  act- 
ing, and  this  means  that  the  statement  is  true  whether  or 
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not  there  are  other  forces.  In  other  words,  the  momentary 
effects  of  forces  can  be  considered  independently  of  one 
another.  For  example,  if  two  fnrre.s,  PA  and  PB  in  Fig. 
26,  are  acting  on  a  body  at  P,  it  will  move  in  the  direction 
PA  just  as  though  PB 
were  not  acting  on  it, 
and  it  will  move  in  the 
direction  PB  just  as 
though  PA  were  not 
acting  on  it.   The  result 

is    that    when    they    are        F«>-  26.  -  The  parallelogram  of  force.. 

both  acting  it  will  go  from  P  to  C  along  PC.  Since  PACB 
is  a  parallelogram,  this  is*  called  the  parallelogram  law  of 
the  composition  of  forces. 

Tlie  firpt  two  laws  refer  to  the  motion  of  a  single  body; 
the  lhir<l  expres.ses  the  way  in  which  two  iio<lies  act  on  each 
otlier.  It  means  es.sentially  that  if  one  body  changes  the 
4rtate  of  motion  of  another  body,  its  own  slate  of  motion  is 
also  changed  reciprocally  in  a  rlefinite  way.  The  term 
"  action  "  in  the  law  means  the  mass  times  the  rate  of  change 
of  motion  (acceleration)  of  the  body.  Hence  the  third  law 
might  read  that  if  two  bodies  act  on  each  other,  then  the 
product  of  the  ma.ss  and  acceleration  in  one  i.s  equal  and 
opposite  to  the  prfxluct  of  the  mass  and  acceleration  in  the 
other.  This  is  a  complete  statement  (*i  the  way  two  bodies 
act  upon  each  other.  But  the  second  law  states  that  the 
product  of  the  mass  and  acceleration  of  a  body  is  propor- 
tional to  the  force  acting  on  it.  Hence  it  follows  that  the 
third  law  might  read  that  if  two  bodies  act  on  each  other, 
then  the  force  exerted  by  the  first  on  the  second  is  equal 
and  opposite  to  the  force  exerted  l»y  the  second  on  the  first. 
This  statement  is  not  obviously  true  because  it  seems  to 
contradict  ordinary  experience.  For  example,  the  law  states 
that  if  a  strong  man  and  .t  weak  man  are  pulling  on  a  rope 
(weight  of  the  rope  being  neglected)  against  each  other,  the 
strong  man  cannot  pull  any  more  than  the  weak  man.  The 
a 
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reason  is,  of  course,  that  the  weak  man  docs  not  give  the 
Btrong  one  an  opportunity  to  use  his  full  strength.  If  the 
strong  man  is  heavier  than  the  weak  one  and  pulls  enough, 
he  will  move  the  latter  while  he  remains  in  his  tracks.  This 
seems  to  coiitraflict  the  statement  of  the  law  in  terms  of 
the  acceleration  ;  but  the  contradiction  disappears  when  it 
is  reniembpred  that  the  men  are  subject  not  onlj'  to  the  forces 
tlipy  pxert  on  each  other,  l>ut  also  to  their  friction  with  the 
earth.  If  they  were  in  canoes  in  open  water,  they  would 
both  move,  and,  if  the  weights  of  the  canoes  were  included, 
•their  motions  would  be  in  harmony  with  the  third  taw. 

Since  the  laws  of  niotion  are  to  be  upe<l  fundamentally  in 
considering  the  motion  of  the  earth,  the  question  of  their 
truth  at  once  arises.  When  they  arc  applied  to  the  motions 
of  the  heavenly  bodies,  everything  becomes  orderly.  Be- 
sides this,  they  have  been  illustrated  millions  of  times  in 
ordinary  experience  on  the  earth  and  they  have  been  tested 
in  laboratories,  but  nothing  has  been  fnimrl  to  indicate  they 
are  not  in  harmony  with  the  actual  motions  of  material  bodies. 
In  fact,  they  are  now  supported  by  such  an  enormous  mass 
of  experience  that  they  are  among  the  most  trustworthy  con- 
clusions men  have  reached. 

41.  Rotation  of  the  Earth  Proved  by  Its  Shape.  —  The 
shape  of  the  earth  can  be  determined  without  knowing  whether 
or  not  it  rotates.  The  simple  measurements  of  arcs  (Art.  12) 
prove  that  the  earth  is  oblate. 

It  can  be  .shown  that  it  follows  from  the  laws  of  motion 
and  the  law  of  gravitation  that  the  earth  would  be  .spherical 
if  it  were  not  rotating.  Since  it  is  not  spherical,  it  must  be 
rotating.  Moreover,  it  follows  from  the  laws  of  motion 
that  if  it  is  rotating  it  will  be  bulged  at  the  equator.  Hence 
the  oblateness  of  the  earth  proves  that  it  rotates  and  deter- 
mines the  position  of  its  axis,  but  does  not  determine  in 
which  direction  it  turns. 

42.  Rotation  of  the  Earth  Proved  by  the  Eastward  Devi- 
ation of  Falling  Bodies.  —  Let  OP,  Fig.   27,   represent  a 
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Flo.  27.  —  Tlw  ca.itwiinl  livviiition  of  fulling  bodies 
proves  the  eastward  rotation  of  the  earth. 


tower  from  whose  top  a  ball  is  dropped.  Suppose  that,  while 
the  ball  is  fullini;  to  the  foot  of  the  towor  tlio  earth  rotates 
through  the  angle  QEQ'.  The  top  of  the  tower  is  carried 
from  P  to  P',  and  its  foot  from  0  to  ()'.  The  distance  PP' 
is  somewhat  greater  than  the  distance  00'.  Now  consider 
the  falling  body. 
It  tends  to  move 
in  the  direction 
PP'  in  accord- 
ance with  the  fir^t 
law  of  motion  be  • 
cause,  at  the  time 
it  is  droppetl,  it 
is  carried  in  this 
direction  by  the 
rotation  of  the 
earth.  Moreover, 
PP'  is  the  dis- 
tance through  which  it  would  be  carried  if  it  were  not 
droppe<i.  But  the  earth's  attraction  cau.ses  it  to  descend, 
and  the  force  acts  at  ri[jht  (iiigli'n  to  the  line  PP'.  There- 
fore, by  the  second  law  of  motion,  the  attraction  of  the  earth 
does  not  have  any  influence  on  the  motion  in  the  direction 
PP'.  Consequently,  while  it  is  descending  it  moves  in  a 
horizontal  direction  a  distance  equal  to  PP'  and  strikes 
the  surface  at  O"  to  the  east  of  the  foot  of  the  tower  0'. 
The  eastward  deviation  is  the  distance  ()'()".  The  small 
diagram  at  tlie  right  shows  the  tower  and  the  path  of  the 
falling  body  on  a  larger  scale. 

The  foregoing  reasoning  has  been  made  on  the  assumption 
that  the  earth  rotates  to  the  eastwarii.  The  question  arises 
whether  the  conclusions  are  in  harmony  with  experience. 
The  experiment  for  determining  the  deviation  of  falling  bodies 
is  complicated  by  air  currents  and  the  resistance  of  the  air. 
Furthermore,  the  eastward  deviation  is  very  small,  being 
only  1.2  inches  for  a  drop  of  5(XJ  feet  in  latitude  40°.     In 
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spite  of  these  difficulties,  the  cxpeiiment  for  moderate  heights 
proves  that  the  earth  rotates  to  the  eastward.  Father  Hagen, 
of  Rome,  has  devised  an  apparatus,  having  analogies  with 
Atwood's  machine  in  physics,  which  avoids  most  of  the  dis- 
turbances to  which  a  freely  falling  body  is  subject.  The 
largest  free  fall  so  far  tried  was  in  a  vertical  mine  shaft,  near 
Houghton,  Mich.,  more  than  4000  feet  deep.  In  spite 
of  the  fact  that  the  diameter  of  the  mine  shaft  was  many 
times  the  deviation  for  that  distance,  the  experiment  utterly 
failed  because  the  balls  which  were  dropped  never  reached 
the  bottom.  It  is  probable  that  when  they  had  fallen  far 
enough  to  acquire  high  speed  the  air  packed  up  in  front  of 
them  until  they  were  suddenly  deflected  far  enough  from 
their  course  to  hit  the  walls  and  become  imbedded. 

43.  Rotation  of  the  Earth  Proved  by  Foucault's  Pendulum. 
—  One  of  the  most  ingenious  and  convincing  experiments 

for  proving  the 
rotation  of  the 
earth  was  devised 
in  1851  by  the 
French  physicist 
Foucault.  It  de- 
pends upon  the 
fact  that  accord- 
ing to  the  laws  of 
motion  a  freely 
swinging  pendu- 
lum tends  con- 
stantly to  move  in 
the  same  plane. 
Suppose  a  pendulum  suspended  at  0,  Fig.  28,  is  started 
swinging  in  the  meridian  OQ.  Let  OV  be  the  tangent  at  0 
drawn  in  the  plane  of  the  meridian.  After  a  certain  interval 
the  meridian  OQ  will  have  rotated  to  the  position  O'Q'. 
The  line  O'V  is  drawn  parallel  to  the  line  OV.  Conse- 
quently the  pendulum  will  be  swinging  in  the  plane  EO'V. 


Tlie  Foucault  t>emlulum. 
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The  tangent  to  the  meridian  at  0'  is  O'V.  Consequently, 
the  au^le  betwe<>ii  this  line  and  the  plane  in  which  the 
t)eii<iuhim  will  he  swinging  is  V'O'V,  vvhifh  equals  OVO'. 
That  is,  the  angle  at  V  Ijctween  the  meridian  tangents  equals 
the  apparent  deviation  of  (he  plane  of  the  pendulum  from  tlie 
meridian.  For  points  in  the  northern  hemisphere  the  devi- 
ation is  from  a  north-anil-south  direetion  toward  a  northeast- 
and-«outhwest  direetion.  The  angle  around  the  cone  at  V 
equals  the  total  deviation  in  one  rotation  of  tlie  earth.  If 
O  is  at  the  earth's  pole,  the  daily  deviation  is  360  degrees. 
If  O  is  on  the  earth's  equator,  the  point  V  is  infinitely  far 
away  and  the  deviation  is  zero. 

Foueault  susi)ended  a  heavy  iron  ball  by  a  steel  wire  about 
200  feet  long,  and  the  deviation  became  evident  in  a  few 
miuutcs.  The  e.xpcriment  is  very  smiple  and  has  been  re- 
peated in  many  places.  It  proves  that  the  earth  rotates 
eastward,  and  the  rate  of  deviation  of  the  pendulum  proves 
that  the  relative  motion  of  the  earth  with  respect  to  the 
stars  is  due  entirely  to  its  rotation  and  not  at  all  to  the 
motions  of  the  stars  around  it. 

44.  Consequences  of  the  Earth's  Rotation.  —  An  impor- 
tant consequence  of  the  earth's  rotation  is  the  direction  of 
air  currents  at 
considerable  dis- 
tances from  the 
etjuator  in  lx)th 
northern  and 
southern  lati- 
tudes. Suppose 
the  unequal  heat- 
ing of  the  atmos- 
phere causes  a 
certain  portion  of 
it  to  move  north- 
ward from  0,  Fig.  29,  with  such  a  velocity  that  if  the 
earth  were  not  rotating,  it  would  arrive  at  .4  in  a  certain 
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interval  of  time.  Suppose  that  in  this  interval  of  time  the 
meridian  OQ  rotates  to  the  position  O'Q'.  Hence  the  mass 
of  air  under  consideration  actually  had  the  velocities  OA  and 
00'  when  it  started  from  0,  the  former  with  respect  to  the 
surface  of  the  earth  and  the  latter  because  of  the  rotation  of 
the  earth.  By  the  laws  of  motion  these  motions,  being  at 
right  angles  to  each  other,  are  mutually  independent,  and 
the  air  will  move  over  both  distances  during  the  interval  of 
tmie  and  arrive  at  the  point  A  ",  which  is  east  of  A '.  Con- 
sequently, the  mass  of  air  that  started  straight  northward 
with  respect  to  the  surface  of  the  earth  along  the  meridian 
OA  will  have  deviated  oa.stward  by  the  amount  A' A". 

The  deviation  for  northward  motion  in  the  northern 
hemisphere  is  toward  the  east;  for  southward  motion,  it 
is  toward  the  west.  In  both  cases  it  is  toward  the  right. 
For  similar  reasons,  in  the  southern  hemisphere  the  devia- 
tion is  toward  the  left. 

The  deviations  in  the  ilirections  of  air  currents  are  evi- 
dently greater  the  higher  the  latitude,  because  near  the  poles 
a  given  distance  along  the-  earth's  surface  corresponds  to 
an  almost  equal  change  in  the  distance  from  the  axis  of 
rotation,  while  at  the  ocjuator  tliere  is  no  change  in  the  dis- 
tance from  the  earth's  axis.  It  might  be  supposed  that  in 
middle  latitudes  a  moderate  northward  or  southward  dis- 
placement of  the  air  would  cause  no  appreciable  change  in 
its  direction  of  motion.  But  a  point  on  the  equator  moves 
eastward  at  the  rate  of  over  1000  miles  an  hour,  at  latitude 
60  degrees  the  eastward  velocity  is  half  as  great,  and  at  the 
pole  it  is  zero.  If  it  were  not  for  friction  with  the  earth's 
surface,  a  mass  of  air  moving  from  latitude  40  degrees  to 
latitude  45  degrees,  a  (listauce  less  than  350  miles,  would 
acquire  an  eastward  velocity  with  respect  to  the  surface  of 
the  earth  of  over  40  miles  an  hour.  The  prevailing  winds 
of  the  northern  hemisphere  in  middle  latitudes  are  to  the 
northeast,  and  the  eastward  component  has  been  found  to 
be  strong  for  the  very  high  currents. 
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Obviouslj'  the  same  principles  apply  to  water  currents 
and  to  air  current*.  C'onsequently  water  currents,  such  as 
rivers,  tend  to  deviate  towarrl  the  right  in  the  northern 
hemisphere.  It  has  boon  found  by  exaniinitiR  the  Missis- 
sippi and  Yukon  ri\ers  that  the  former  to  some  extent, 
and  the  latter  to  a  tiuicli  greater  extent,  on  the  whole  scour 
their  right-hand  bankt*. 

All  the  proofs  of  the  earth's  rotation  so  far  given  depend 
upon  the  laws  of  motion.  There  is  one  independent  reason 
for  Ijelieving  the  earth  rotates,  though  it  falls  a  little  short 
of  proof.  It  litis  been  fiiiind  i>y  ribservations  involving 
only  geometrical  j)rincipli>s  thiit  the  sun,  moon,  and  planets 
are  comparable  to  the  earth  in  size,  some  being  larger  and 
others  smaller.  Direct  observations  with  (ho  telescope  show 
that  a  number  of  the.se  btxiies  rotate  on  their  axes,  the  re- 
mainder being  either  very  remote  or  otherwise  unfavorably 
situated  for  observation.  The  conclusion  by  analogy  is 
that  the  earth  also  rotates. 

45.  The  Uniformity  of  the  Earth's  Rotation. —  If  follows 
from  the  laws  of  motion,  and  in  particular  from  I  he  first 
law,  that  if  the  earth  were  subject  to  no  external  forces  and 
were  invariable  in  size,  shape,  and  distribution  of  mass,  it 
would  rotate  on  its  axis  with  absolute  uniformity-  Since 
the  earth  is  a  fundamental  means  of  measuring  time  its 
rotation  cannot  be  tested  by  clocks.  Its  rotation  might  be 
oompareti  with  other  celestial  phenomena,  but  then  the 
question  of  their  uniformity  would  arise.  The  only  re- 
course is  to  make  an  examination  of  the  possible  forces  and 
chang»^  in  the  earth  which  are  capable  of  altering  the  rate 
of  its  rotation. 

The  earth  is  subject  to  the  attractions  of  the  sun,  moon, 
and  planets.  But  these  attractions  do  not  change  its  rate 
of  rotation  because  the  forces  pulling  on  oppo.site  sides 
balance,  just  as  the  earth's  attraction  for  a  rotating  wheel 
whose  plane  is  vertical  neither  retards  nor  accelerates  its 
motion. 
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The  earth  is  struck  by  millions  of  small  meteors  daily 
coming  in  from  all  sides.  They  virtually  act  as  a  resisting 
medium  and  slightlj'  retard  its  rotation,  just  as  a  top  spin- 
ning in  the  air  is  retarded  by  the  molecules  impinging  on  it. 
But  the  mass  of  the  earth  is  so  large  and  the  meteors  are  so 
small  that,  at  their  present  rate  of  infall,  the  length  of  the 
day  cannot  be  changed  by  this  cause  so  much  as  a  second  in 
lOO.OOn.OOO  years. 

The  moon  and  the  sun  generate  tides  in  the  water  around 
the  earth  and  the  waves  beat  in  upon  the  shores  and  are 
gradually  destroyed  by  friction.  The  energy'  of  the  waves 
is  transformed  into  heat.  This  means  that  something  else 
has  lost  energy,  and  a  mathematical  treatment  of  the  sub- 
ject shows  that  the  earth  ha.s  suffered  the  loss.  Conse- 
quently its  rotation  is  diminished.  But  as  great  and  irre- 
sistible as  the  tides  may  be,  their  energies  are  insignificant 
compared  to  that  of  the  rotating  earth,  and  according  to  the 
work  of  MacMillan  the  day  \s  not  increasing  in  length  from 
this  cause  more  than  one  second  in  500,000  years. 

Before  discussing  the  effects  of  a  change  in  the  size  of  the 
earth  or  in  the  distribution  of  its  mass,  it  is  necessary  to 
explain  a  very  important  property  of  the  motion  of  rotating 
bodies.  It  can  be  shown  from  the  laws  of  motion  that  if 
a  body  is  not  subject  to  any  e.xterior  forces,  its  total  quantity 
of  rotation  always  remains  the  same  no  matter  what  changes 
may  take  place  in  the  body  itself.  The  quantity  of  rotation 
of  a  body,  or  moment  of  momcntuni,  as  it  is  technically  called 
in  mechanics,  is  the  sum  of  the  rotations  of  all  its  parts. 
The  rotation  of  a  single  part,  or  particle,  is  the  product  of 
its  mass,  its  distance  from  the  axis  of  rotation  passing 
through  the  center  of  gravity  of  the  body,  and  the  speed 
with  which  it  is  moving  at  right  angles  to  the  line  joining  it 
to  the  axis  of  rotation.  It  can  be  shown  that  in  the  case 
of  a  body  rotating  as  a  solid,  the  quantity  of  rotation  is 
proportional  to  the  product  of  the  square  of  the  radius  and 
the  angular  velocity  of  rotation,   the  angular  velocity  of 
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rotation  being  the  angle  through  which  the  body  turns  in 
a  unit  of  time. 

Now  apply  this  principle  of  the  conservation  of  the  mo- 
ment of  momentum  to  the  earth.  If  it  should  lose  heat  and 
Bhrink  so  that  its  radius  were  diminished  in  length,  then  the 
angular  velocity  of  rotation  would  increase,  for  the  product 
of  the  square  of  the  radius  antl  the  rate  of  rotation  must 
be  constant.  On  the  other  hand,  if  the  radio-active  sub- 
stances in  the  earth  should  cause  its  temperature  to  rise  and 
its  radius  to  expand,  then  the  rate  of  rotation  would  de- 
crease. Neither  of  these  causes  can  make  a  sensible  change 
in  the  rotation  in  i,(KX),000  years.  Similarly,  if  a  river 
rising  in  low  latitudes  shouki  carry  sediment  to  higher  lati- 
tudes and  deposit  it  nearer  the  earth's  a.\is,  then  the  rate 
of  rotation  of  the  earth  would  lie  increased.  While  such 
factors  are  theoretically  eflfective  in  producing  changes  in 
the  rotation  of  the  earth,  from  a  practical  point  of  view 
they  are  altogether  negligible. 

It  follows  from  this  discussion  that  there  are  some  influ- 
ences tending  to  decrease  the  rate  of  the  earth's  rotation, 
and  others  ten<ling  to  increase  it,  Init  that  they  are  all  so 
small  as  to  have  altogether  inappi'eciable  effects  even  in  a 
period  as  long  as  100,000  years. 

46.  The  Variation  of  Latitude.  ^  It  was  mentioned  in 
connection  with  the  (liscu.-isioii  of  the  rigidity  of  the  earth 
(Art«,  25,  26),  that  its  axis  of  rotation  is  not  exactly  fixed. 
This  does  not  mean  that  the  direction  of  the  axis  changes, 
but  that  the  position  of  the  earth  itself  changes  so  that  its 
axis  of  rotation  continually  pierces  different  parts  of  its 
surface.  That  is,  the  poles  of  the  earth  are  not  fixed  points 
oo  its  surface.  Since  the  earth's  equator  is  90  degrees  from 
its  poles,  the  position  of  the  equator  also  continually  changes. 
Therefore  the  latitude  of  any  fixed  point  on  the  surface  of 
the  earth  undergoes  continual  variation.  The  fact  was 
discovered  by  very  accurate  determinations  of  latitude,  and 
for  this  reason  is  known  as  the  variation  of  latitude. 
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The  pole  wanders  from  its  mean  position  not  more  than 
30  feet,  cone.siKtnding  to  a  change  of  latitude  of  0.3  of  a 
second  of  arc.  This  is  such  a  small  quantity  that  it  can  be 
measured  only  by  the  most    refined   means,  and   accounts 


Tlie  position  of  Hie  p">lu  from  1U0«  to  1913. 

for  the  failure  to  discover  it  until  the  work  of  Chandler  and 
Ku.stner  about  1885. 

In  1891  Chandler  took  up  the  problem  of  finding  from 
the  observations  how  the  pole  actually  moves.  The  varia- 
tion in  its  position  is  very  complicated,  Fig.  30  showing  it 
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from  1906  to  1913.  Chandk'r  found  that  this  complicated 
motion  is  the  result  of  two  simpler  ones.  The  first  is  a 
yearly  motion  in  an  ollipse  (Art.  .5.3)  whose  lon^e.st  radius  is 
1-1  feet  and  shortest  radius  4  feet ;  anil  the  second  is  a 
motion  in  a  circle  of  rg.dius  1.5  feet,  which  is  described  in 
about  428  da3's.  More  recent  discussions,  liased  on  observa- 
tions secured  liy  the  cooperation  nf  the  astronomers  of  several 
countries,  have  motiified  these  results  to  some  extent  and 
hnvr  added  other  minor  terms. 

The  problem  is  to  account  for  the  variation  of  latitude 
and  for  the  different  periods.  Unless  a  freely  rotating  ob- 
late rigid  body  is  started  turning  exactly  around  its  shortest 
axis,  it  will  undergo  an  oscillation  with  respect  to  its  a.xis 
of  rotation  in  a  period  which  depends  upon  it«  figure,  mass, 
and  speed  of  rotation.  Hence  it  might  be  supposed  (hat 
the  earth  in  .some  way  originally  started  rotating  in  this 
umnner.  But  since  the  earth  is  not  perfectly  rigid  and  un- 
yielding, friction  would  in  the  course  of  time  destroy  the 
wai)bling.  In  view  of  the  fact  that  the  earth  is  certainly 
many  millions  of  years  old,  it  .seems  that  friction  should 
long  ago  have  reduced  its  rotation  to  scn.sible  unirormity 
around  a  fixe<i  axis,  and  this  is  true  unless  it  is  very  I'iastic 
instead  of  being  somewhat  viscous.  The  tide  experiment 
(Art.  2.'))  proves  that  the  earth  is  very  elastic  and  suggests 
that  perhaps  the  earth's  present  irregularities  of  rotation 
have  been  inherite<i  from  greater  ones  produced  at  the  time 
of  its  origin,  possibly  by  the  falling  together  of  scattered 
meteorii"  ma.sses.  But  the  fact  that  tlie  earth  has  two  dif- 
ferent variations  of  latitude  of  almost  equal  magnitude  is 
opposed  to  this  conclusion.  The  one  which  has  the  [leriod 
of  u  year  is  probably  produced  by  meteorologicid  cau.ses,  as 
Jeffreys  infers  from  a  quantitative  examination  of  the  ques- 
tion. The  one  whose  |)erind  is  428  days,  the  natural  period 
of  variation  of  latitmlc  for  a  bo<ly  having  lh(>  dynamical 
properties  of  the  earth,  is  probably  the  consequence  of  the 
Other.     In  order  to  understand  their  relations  consider  a 
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pendulum  which  naturally  nscillatps  in  seconds.  Suppose  it 
starts  from  i-est  and  is  disturbed  liy  a  small  periodic  force 
whose  period  is  two  thirds  of  a  second.  Presently  it  will  be 
moving,  not  like  an  undisturbed  penduiiun,  but  with  one 
oscillation  in  two  thinls  of  a  seccnd,  and  with  another 
oscillation  having  an  approximately  equal  magnitude,  in  its 
natural  period,  or  one  second. 

Euler  showed  about  1770  that  if  the  earth  were  absolutely 
rigid  the  natural  period  of  oscillation  of  its  pole  would  be  305 
days.  The  increase  of  period  to  428  days  is  due  to  the  fact 
that  the  earth  yields  partially  to  disturbing  forces  (Art.  25). 

Many  parts  of  the  earth  have  experienced  wide  variations 
in  climate  during  geological  ages,  and  it  has  often  been  sug- 
gested that  these  great  changes  in  temperature  were  pro- 
duced by  the  wandering  of  its  poles.  There  are  no  known 
forces  which  could  produce  any  gi-eatcr  variations  in  latitude 
than  those  which  have  been  considered,  and  there  is  not  the 
slightest  probability  that  the  earth's  poles  ever  have  been 
far  from  their  present  jiositinn  on  the  surface  of  the  earth. 

47.  Precession  of  the  Equinoxes  and  Nutation.  —  There 
is  one  more  phenomenon  to  be  considered  in  connection 
with  the  rotation  of  the  earth.  In  the  variation  of  latitude 
the  poles  of  (he  earth  are  slightly  displaced  on  its  surface  ; 
now  the  changes  in  the  direction  of  its  axis  with  respect  to 
the  stars  are  under  consideration. 

The  axis  of  the  earth  can  be  changed  in  direction  only  by 
forces  exterior  to  itself.  The  only  important  exterior  forces 
to  which  the  earth  is  subject  are  the  attractions  of  the  moon 
and  sun.  If  the  earth  were  a  sphere,  these  bodies  would 
have  no  effect  upon  its  axis  of  rotation,  but  its  oblateness 
gives  rise  to  very  important  consequences. 

Ijet  O,  Fig.  31,  represent  a  point  on  the  equator  of  the 
oblate  earth,  and  suppose  the  moon  M  is  in  the  plane  of  the 
meridian  which  passes  through  0.  The  point  O  is  moving 
in  the  direction  0.4  as  a  consequence  of  the  earth's  rotation. 
The  attraction  of  the  moon  for  a  particle  at  0  is  in  the  di- 
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rection  OM.  By  the  resolution  of  forces  (the  inverse  of  the 
parallelogram  of  forces  law)  the  force  along  OM  can  be  re- 
solved in  two  others,  one  along  OE  and  thp  othrr  along  the 
line  OB  perpendicular  to  OE.  The  former  of  these  two 
forces  has  no  effect  on  the  rotation ;  the  latter  tends  to  move 


[M 


Fio.  31. 


•The  uttr lotion   of  the   moon  for  the  earth's  equatorial  bulge 
cnuscn  the  prcicssion  of  the  equinoxes. 


the  particle  in  the  direction  OB,  and  this  tendency,  combined 
with  the  velocity  OA,  causes  it  to  move  in  the  direction  OC 
(the  change  is  greatly  exaggerated).  Therefore  the  direc- 
tion of  motion  of  0  is  changed ;  that  is,  the  plane  of  the 
equator  is  changed. 

The  moon,  however,  attractsevery  particle  in  theequatorial 
bulge  of  the  earth,  and  its  efTccts  vary  with  the  po.«ition  of 
the  particles.  It  can  be  shown  by  a  mathematical  discus- 
sion that  cannot  be  taken  up  here  th.it  the  combined  effect 
on  the  entire  bulge  is  to  change  the  plane  of  the  equator.  It 
is  evident  from  Fig.  31  that  the  effect  vanishes  when  the 
moon  is  in  the  plane  nf  the  earth's  equator.  Therefore  it 
is  natural  to  take  the  plane  of  the  mof>n's  orbit  as  u  plane  of 
reference.  These  two  planes  intersect  in  a  certain  line  whose 
pf.isition  changes  as  the  plane  of  the  earth's  equator  is  .shifted. 
The  plane  of  the  earth's  ecjuator  shifts  in  such  a  way  that 
the  angle  between  it  and  the  plane  of  the  moon's  orbit  is 
constant,  while  the  line  of  intersection  of  the  two  planes  ro- 
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tates  in  the  direction  opposite  to  that  in  which  the  earth 
turns  on  its  axis. 

The  plane  in  which  the  sun  moves  is  called  the  plane  of 
the  ediptic,  and  the  moon  is  always  near  this  plane.  For 
the  moment  neglect  its  departure  from  the  plane  of  the 
ecliptic.  Then  the  moon,  and  the  sun  similarly,  cause  the 
line  of  the  intersection  of  the  plane  of  the  earth's  equator 
and  the  plane  of  the  ecliptic,  called  the  line  of  the  equinoxes, 
to  rotate  in  the  direction  opposite  to  that  of  the  rotation  of 
the  earth.  This  is  the  precession  of  the  equinoxes,  four 
fifths  of  which  is  due  to  the  moon  and  one  fifth  of  which  is 
due  to  the  sun.  Since  the  axis  of  the  earth  is  perpendicular 
to  the  plane  of  its  equator,  the  point  in  the  sky  toward  which 
the  axis  is  directed  describes  a  circle  among  the  stars. 

The  mass  of  the  earth  is  so  great,  the  equatorial  bulge  is 
relatively  so  small,  and  the  forces  due  to  the  moon  and  sun 
are  so  feeble  that  the  precession  is  very  slow,  amounting  only 
to  50.2  seconds  of  arc  per  year,  from  which  it  follows  that 
the  line  of  the  equinoxes  will  make  a  complete  rotation  only 
after  more  than  25,800  years  have  passed. 

The  preces.sion  of  the  equinoxes  wa,s  discovered  by  Hip- 
parchus  about  120  b.c.  from  a  comparison  of  his  observa- 
tions with  those  made  by  earlier  astronomers,  but  the  cause 
of  it  was  not  known  until  it  was  explained  by  Newton,  in 
1686,  in  his  Principia.  The  theoretical  results  obtained  for 
the  precession  are  in  perfect  harmcmy  with  the  observations, 
and  the  weight  of  this  statement  will  be  appreciated  when 
it  is  remembered  that  the  calculations  depend  upon  the  size 
of  the  earth,  its  density,  the  distribution  of  mass  in  it,  the 
laws  of  motion,  the  rate  of  rotation  of  the  earth  and  its  oblate- 
ness,  the  distances  to  the  moon  and  sun,  their  apparent  mo- 
tions with  respect  to  the  earth,  and  the  law  of  gravitation. 

The  moon  does  not  move  exactly  in  the  plane  of  the 
ecliptic,  but  deviates  from  it  as  much  as  5  degrees,  and 
consequently  the  precession  which  it  produces  is  not  exactly 
with  respect  to  the  ecUptic.     This  circumstance  would  not 
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be  particularly  important  if  it  were  not  for  the  further  fact 
that  the  plane  of  the  moon's  orl)it  has  a  sort  of  precession 
with  resp<?ct  to  the  cchptic,  comyjlcting  a  cycle  in  18.6  years. 
This  introduces  a  variation  in  the  character  of  the  precession 
which  is  periodic  with  the  same  period  of  IS.G  years.  This 
variation  in  the  precession,  which  at  its  maximum  amounts 
to  9.2  seconds  of  arc,  is  called  the  nulalion.  It  was  dis- 
covered by  the  great  English  astronomer  Bradley  from  ob- 
ser\-ations  made  during  the  (Kiiod  from  1727  to  1747.  The 
cause  of  it  was  first  explained  by  D'Alembert,  a  famous 
French  mathematician. 

V.  QUESTIONS 

1.  Which  of  the  proofs  of  tht>  rotation  of  the  earth  depend  upon 
the  laws  of  motion  ? 

2.  Give  three  praotip&l  illustrations  (one  a  train  moving  around 
/e)  of  the  first  law  of  motion. 

3.  (rive  throe  illustrations  of  the  second  law  of  motion. 

4.  Why  is  the  ki<'k  in  a  heavy  ^n,  for  a  tpven  charge,  less  than 
in  u  li(;ht  gun? 

.">.   If  a  man  fixRtl  on  the  sliore  pulls  a  Ijoat  by  a  rope,  do  the 
iuteraotiona  nut  violate  the  third  law  of  motion? 

6.  Par  a  body  falling  from  a  given  height,  in  what  latitude  wiU 
the  eastward  deviation  l)e  tlie  i^reatest? 

7.  For  what  latitude  will  the  rotation  of  the  Foucault  pendulum 
be  most  rapid,  and  where  would  the  cxiwriment  fail  entirely? 

8.  In  what   latitude  will  the  ejisterly  (or  westerly)  deviation  of 
wind  or  watiT  eurrents  I)e  most  pronounced? 

D.    Is  it  easier  to  stop  a  Uirfct-  or  small  wheel  of  the  same  ina.<is 
rotating  at  the  same  rate  ? 

10.  If  a  wheel  rotating  without  friction  should  diminish  in  size, 
would  its  rale  of  rotation  lie  affecUnl? 

11.  Are  boundaries  that  are  defined  by  latitudes  affected  by  the 
wabbling  of  the  earth's  axis?    By  the  precession  of  the  equinoxes? 

12.  Would  the  pn'cession  l»e  faster  or  slower  if  the  earth  were 
more  oblate?    If  the  moon  were  nearer?    If  the  earth  were  denser? 
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II.  The  Revolution  of  the  Eabth 

48.  Relative  Motion  of  the  Earth  with  Respect  to  the 
Sun.  —  The  diurnal  motion  of  the  sun  is  so  obvious  that  the 
most  careless  observer  fully  understands  it.  But  it  is  not 
so  well  known  that  the  sun  has  an  apparent  eastward  motion 
among  the  stars  analogous  to  that  of  the  moon,  which  every 
one  has  noticed.  The  reason  that  people  are  not  so  familiar 
with  the  apparent  motion  of  the  sun  is  that  stars  cannot 
be  observed  in  its  neighborhood  without  telescopic  aid,  and, 
besides,  it  moves  slowly.  However,  the  fact  that  it  ap- 
parently moves  can  be  estabUshed  without  the  use  of  optical 
instruments ;   indeed,  it  was  known  in  very  ancient  times. 


Fia.  32.  —  The  hypothesis  that  the  sun  revolves  around  the  earth  explains 
the  apparent  eastward  motion  of  the  sun  with  respect  to  the  stars. 


Suppose  on  a  given  date  certain  stars  are  seen  directly  south 
on  the  meridian  at  8  o'clock  at  night.  The  sun  is  therefore 
120°  west  of  the  star ;  or,  what  is  equivalent,  the  stars  in 
question  are  120°  ea.st  of  the  sun.  A  month  later  at  8 
o'clock  at  night  the  observed  stars  will  be  found  to  be  30° 
west  of  the  meridian.  Since  at  that  time  in  the  evening  the 
sun  is  120°  west  of  the  meridian,  the  stars  are  120°  —  30° 
=  90°  east  of  the  sun.  That  is,  during  a  month  the  sun 
apparently  has  moved  30°  eastward  with  respect  to  the  stars. 
The  question  arises  whether  or  not  the  sun's  apparent 
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motion  eastward  is  produced  by  its  iirtiial  motion  around 
the  earth.  It  will  be  show-n  that  the  hypothesis  that  it 
actually  moves  around  the  earth  satisfies  all  the  data  so  far 
mentioned.  Suppose  E,  Fig.  32,  represents  the  earth, 
assumed  fixed,  and  .S'l  the  pos*itinn  of  the  sun  nt  a  certain 
time.  As  seen  from  the  earth  it  will  ajjpear  to  be  on  the  sky 
among  the  stars  at  Si'.  Suppose  that  at  the  end  of  25  days 
the  sun  has  moved  forward  in  a  path  around  the  earth  to 
the  position  Si;  it  will  then  appear  to  be  among  the  stars  at 
S'l.  That  is,  it  will  appear  to  have  movctl  eastward  among 
the  stars  in  perfect  accordance  with  the  observations  of  its 
apparent  motion. 

It  will  now  lie  shown  that  the  same  observations  can  be 
saUsfied  completely  by  the  hypothesis  that  the  earth  re- 


Fio.  33.  —  Thp  hM»thi'sis  that  the  parth  revolves  around  the  sud  explains 
the  apparent  eastward  motion  nf  the  sun  with  respect  to  the  stars. 


%'olves  around  the  sun.  Let  S,  Fig.  33,  represent  the  sun, 
assumed  fixed,  and  suppose  Ei  is  the  position  of  the  earth  at 
a  certain  time.  The  sun  will  appear  to  be  among  the  stars  at 
Si'.  Suppose  that  at  {he  end  of  25  days  the  earth  has  moved 
forward  in  a  path  around  the  sun  to  Et ;  the  sun  will  then 
appear  to  be  among  the  stars  at  .S./.  That  is,  it  will  appear 
to  have  moved  eastward  among  the  stars  in  perfect  accord- 
ance with  the  observations  of  its  apparent  motion.  It  is 
noted  that  the  assume<i  actual  motion  of  the  earth  is  in  the 
same  direction  as  the  sun's  apparent  motion ;  or,  to  explain 
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the  apparent  motion  of  the  sun  by  the  motion  of  the  earth, 
the  earth  must  be  supposed  to  move  eastward  in  its  orbit. 

Since  all  the  data  satisfy  two  distinct  and  mutually  con- 
tradictory hypotheses,  new  data  must  be  employed  in  order 
to  determine  which  of  them  is  correct.  The  ancients  had 
no  facts  by  which  they  could  disprove  one  of  these  hypotheses 
and  establish  the  truth  of  the  other. 

49.  Revolution  of  the  Earth  Proved  from  the  Laws  of 
Motion.  —  The  first  actual  proof  that  the  earth  revolves 
around  the  sun  was  based  on  the  laws  of  motion  in  1686, 
though  the  fact  was  generally  believed  by  astronomers 
somewhat  earlier  (Art.  62).  It  must  be  confessed  at  once, 
however,  that  the  statement  requires  a  sUght  correction  be- 
cause the  sun  and  earth  actually  revolve  around  the  center 
of  gravity  of  the  two  bodies,  which  is  very  near  the  center  of 
the  sun  because  of  the  sun's  relatively  enormous  mass. 

It  can  be  shown  by  measurements  that  have  no  connec- 
tion with  the  motion  of  the  sun  or  earth  that  the  volume  of 
the  sun  is  more  than  a  million  times  that  of  the  earth.  Hence, 
unless  it  is  extraordinarily  rare,  its  mass  is  much  greater 
than  that  of  the  earth.  In  view  of  the  fact  that  it  is  opaque, 
the  only  sensible  conclusion  is  that  it  has  an  appreciable 
density.  Hence,  in  the  motion  of  the  earth  and  sun  around 
their  common  center  of  gravity,  the  sun  is  nearly  fixed  while 
the  earth  moves  in  an  enormous  orbit. 

60.  Revolution  of  the  Earth  Proved  by  the  Aberratioii  of 
Light.  —  The  second  proof  that  the  earth  revolves  was 
made  in  1728  when  Bradley  discovered  what  is  known  as 
the  aberration  of  light.  This  proof  has  the  advantage  of 
depending  neither  on  an  assumption  regarding  the  density 
of  the  sun  nor  on  the  laws  of  motion. 

Suppose  rain  falls  vertically  and  that  one  stands  still  in  it ; 
then  it  appears  to  him  that  it  comes  straight  down.  Suppose 
he  walks  rapidly  through  it ;  then  it  appears  to  fall  somewhat 
obliquely,  striking  him  in  the  face.  Suppose  he  ride^ through 
it  rapidly ;  then  it  appears  to  descend  more  obUquely. 
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In  order  to  get  at  the  matter  qualitatively  suppose  Ti, 
Fig.  34,  is  a  tube  at  rest  which  i.s  to  he  jilaccd  in  sur'h  a 
t)ut>iUou  that  drops  of  rain  shall  descend  through  it  without 
striking  the  sides.  Clearly  it  must  be  vertical.  Suppose  T, 
if  a  tube  whi<^h  is  heinm  carried  to  the  right  with  moderate 
speed.  It  is  evident  that  the  tube  must  be  tilted  slightly 
in  the  direction  of  motion.  Suppose 
the  tuV>e  Tt  is  being  transiKirtwl  still      I  tf  17 

more  rapidly ;    it   must    In-   given    a 
greater  deviation  from   the  vertical,    a 
The  distance  .436*3  is  the  distance  the 
tube  moves  while  the  drop  desceutis   ;; 
its  length.    Hence  Aid  is  to  SjCa  as 
the  velocity  of  the  tube  is  to  the  ve- 
locity of  the  dro])s.     From  the  given   ^ 
velocity  of  the  rain  and  the  velocity  ^L ttT^^TSt."' 
of  the   tube  at  riglit   angles   ti)  the 

direction  of  the  rain,  tlie  angle  of  the  dcNnation  from  the 
vertical,  namely  AiBtCj,  can  be  computed, 

Now  supiHjse  light  from  a  dj.stant  star  is  considered  in- 
stead of  falling  rain,  and  let  the  tul)e  repre.sent  a  telescope. 
All  the  relations  will  be  qualitatively  as  in  the  preceding 
case  because  the  velocity  of  light  is  not  infinite.  In  fact, 
it  has  been  found  by  experiments  on  the  earth,  which  in  no 
way  depend  upon  astronomical  observations  or  theory,  that 
light  travels  in  a  vacuum  at  the  rate  of  186, .'330  miles  per 
second.  Hence,  if  the  earth  moves,  stars  shuulil  appear 
displaced  in  the  direction  nf  its  motion,  the  amount  of  the 
displacement  depentiing  upon  the  velocity  of  the  earth  and 
the  velocity  of  hght.  Bradley  oliserved  such  displacements, 
at  one  time  of  the  year  in  one  direction  and  si.\  months  later, 
when  the  earth  was  on  the  other  side  of  its  orbit,  in  the 
opposite  direction.  The  maximum  displacement  of  a  star 
for  this  reason  is  20.47  seconds  of  arc  which,  at  the  present 
time,  J8  very  easy  to  observe  because  measurements  of  \m- 
attuu  are  now  accurate  to  one  hundredth  of  tlils  amount. 
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Moreover,  it  is  a  quantity  which  does  not  depend  on  the 
brightness  or  the  distance  of  the  star,  and  it  can  be  checked 
by  observing  as  many  stars  as  may  be  desired. 

The  aberration  of  light  not  only  proves  the  revolution  of 
the  earth,  but  its  amount  enables  the  astronomer  to  compute 
the  speed  with  which  the  earth  moves.  The  result  is  ac- 
curate to  within  about  one  tenth  of  one  per  cent.  Since 
the  earth's  period  around  the  sun  is  known,  this  result  gives 
the  circumference  of  the  earth's  orbit,  from  which  the  dis- 
tance from  the  earth  to  the  sun  can  be  computed.  The  dis- 
tance of  the  sun  as  found  in  this  way  agrees  very  closely 
with  that  found  by  other  methods. 

There  is,  similarly,  a  small  aberration  due  to  the  earth's 
rotation,  which,  for  a  point  on  the  earth's  equator,  amounts 
at  its  maximum  to  0.31  second  of  arc. 

61.  Revolution  of  the  Earth  Proved  by  the  Parallax  of 
the  Stars.  —  The  most  direct  method  of  testing  whether  or 
not  the  earth  moves  is  to  find  whether  the  direction  of  a 
star  is  the  same  when  observed  at  different  times  of  the 
year.  This  was  the  first  method  tried,  but  for  a  long  time 
it  failed  because  the  stars  are  exceedingly  remote.  Even 
with  all  the  resources  of  modem  instrumental  equipment 
fewer  than  100  stars  are  known  which  are  so  near  that  their 


<*/4 


Fiu.  35.  —  The  parallax  o{  A  is  the  angle  EiAEt. 


differences  in  direction  at  different  times  of  the  year  can  be 
measured  with  any  considerable  accuracy.  Yet  the  obser- 
vations succeed  in  a  considerable  number  of  cases  and  really 
prove  the  motion  of  the  earth  by  purely  geometrical  means. 
The  angular  difference  in  direction  of  a  star  as  seen  from 
two  points  on  the  earth's  orbit,  which,  in  the  direction  per- 
pendicular to  the  line  to  the  star,  are  separated  from  ^tch 
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other  by  the  distance  frofii  the  earth  to  the  sun,  is  the  par- 
aliax  of  the  star.  In  Pig:,  lib.  let  S  represent  the  sun,  ^4  a 
star,  and  Ei  and  Ei  two  po.MtJiJi^s  of  the  t-arth  such  that  the 
line  E\Ei  is  perpendieuhir  to  SA  and  .'lueh  that  EiEj  equals 
E,S.  Let  E2B  he  parallel  to  fii.t:..  Tlien,  hy  definition, 
the  angle  AE^B  i.s  the  parallax  of  .4.  Thi.s  angli-  equals 
E\AEi.  Therefore  an  alternative  definition  of  the  parallax 
of  u  star  is  that  it  is  the  angle  subtended -ijy  ihe  radius  of 
the  earth'.s  orbit  as  .seen  from  the  star.  "... 

It  is  obvious  that  the  parallax  is  smaller  the  Tpx>r?  remote 
the  star.  The  nearest  known  star,  Alpha  Centauri.jiv  the 
southern  heavens,  has  a  parallax  of  only  0.75  .second  of  arc, 
from  which  it  can  be  shown  that  its  distance  is  275,000  times 
as  great  as  that  from  the  earth  to  the  sun,  or  about 
2.1,600,000,000,000  nnlcs.  Supiwse  a  point  of  light  is  seen 
fir^it  with  one  eye  and  then  with  the  other.  If  its  distance 
from  the  observer  is  about  1 1  miles,  then  its  liifTerenee  in 
direction  as  seen  with  the  two  eyes  is  0.75  second  of  arc,  the 
parallax  of  Alpha  Centauii.  This  gives  an  idea  of  the 
difBeuIties  that  must  be  overcome  in  order  to  mea.surc  the 
distance  of  even  the  nearest  star,  especially  when  it  is  re- 
calle<l  that  the  obser^'ations  must  be  extended  over  several 
months.  The  first  success  with  this  method  was  obtained 
by  Henderson  about  IS40. 

62.  Revolution  of  the  Earth  Proved  by  the  Spectroscope. 
—  The  spectrosco])!'  is  an  iiist  rumcnt  of  modern  itu'ention 
which,  among  other  thians,  enables  the  astronomer  to 
determine  whether  he  and  the  .source  of  light  he  may  be  ex- 
amining are  relatively  approaching  toward,  or  receding  from, 
each  other.  Moreover,  it  enables  him  to  measure  the 
tipe6<l  of  relative  appnjach  or  reces.sion  irresfiective  of  their 
distance  apart.     (Art.  226.) 

C^onsider  the  observation  of  a  star  A,  Fig.  36,  in  the  plane 
of  the  earth's  orbit  when  the  earth  is  at  E\,  ami  again  when 
it  is  at  Ei.  In  the  fir.<t  position  the  earth  is  moving  toward 
the  star  at  the  rate  of  18.5  miles  per  .second,  and  in  the  second 
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position  it  is  moving  away  from  t\\e  star  at  the  same  rate. 

Since  in  the  case  of  many  stars  .tite  potion  can  be  determined 

to  within  one  tenth  of  a  miW;.p^  "second,  the  observational 

difficulties  are  not  serious! '\If 'the  star  is  not  in  the  plane 

,•.*•;**•""         °^  tlie  earth's  orbit,  a  cor- 

~/^     \  .      '•.'."' '       ♦>•    rection  must  be  made  in 

I  *  )*  ^   \  order  to  find  what  fraction 

A  .**••'•••■  of  the  earth's  motion  is 

•  ••*  *• 

Flo.  36.  — MJifioik'of  the  earth  toward   toward  or  from  the  star. 

..anaftom  a  star.  mi.  j.t.    j   •      •    j  j 

''\:  ihe  method  is  mdepend- 

ent  'O^H^  distance  of  the  star  and  can  be  applied  to  all 
Btafs'.which  are  bright  enough  except  those  whose  directions 
from  the  sun  are  nearly  perpendicular  to  the  plane  of  the 
earth's  orbit. 

Since  1890  the  spectroscope  has  been  so  highly  perfected 
that  the  spectroscopic  proof  of  the  earth's  revolution  has  been 
made  with  thousands  of  stars.  This  method  gives  the 
earth's  speed,  and  therefore  the  circumference  of  its  orbit 
and  its  distance  from  the  sun.  It  should  be  stated,  however, 
that  the  motion  of  the  earth  was  long  ago  so  firmly  estab- 
lished that  it  has  not  been  considered  necessary  to  use  the 
spectroscope  to  give  additional  proof  of  it.  Rather,  it  has 
been  used  to  determine  how  the  stars  move  individually 
(Art.  273)  and  how  the  sun  moves  with  respect  to  them  as  a 
whole  (Art.  274).  In  order  to  obtain  the  motion  of  a  star 
with  respect  to  the  sun  it  is  sufficient  to  observe  it  when 
the  earth  is  at  E,  Fig.  36.  Then  correction  for  the  earth's 
motion  can  be  applietl  to  the  observations  made  Arhen  the 
earth  is  at  Ei  or  Ei. 

53.  Shape  of  the  Earth's  Orbit.  —  It  has  been  tacitly 
assumed  so  far  that  the  earth's  orbit  is  a  circle  with  the  sun 
at  the  center.  If  this  assumption  were  true,  the  apparent 
diameter  of  the  sun  would  be  the  same  all  the  year  because 
the  earth's  distance  from  it  would  be  constant.  On  the 
other  hand,  if  the  sun  were  not  at  the  center  of  the  circle,  or 
if  the  orbit  were  not  a  circle,  the  apparent  size  of  the  sun 
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would  vary  with  changes  in  the  earth's  distance  from  it.  It 
is  clear  that  the  shape  of  the  earth's  orbit  can  easily  be 
established  bj-  observation  of  the  apparent  diameter  and 
position  of  the  sun. 

It  is  found  from  the  changes  in  the  apparent  diameter  of 
the  sun  that  the  earth's  orbit  is  not  exactly  a  circle.  These 
changes  and  the  apparent  motion  of  the  sun  together  prove 
that  the  earth  moves  around  it  in  an  elliptical  orbit  which 
differs  only  a  little  from  a  circle.  An  ellipse  is  a  jylane  cur\'e 
such  that  the  sum  of  the  distances  from  two  fixed  points  in 
it.s  interior,  known  as  foci,  to  any  point  on  its  circumference 
is  always  the  same. 

In  Fig.  37,  E  represents  an  ellipse  and  F  and  F'  its  two 
foci.  The  definition  of  an  ellipse  suggests  a  convenient  way 
of  drawing  one.  Two 
pins  are  put  in  drawing 
paper  at  a  convem'cnt 
distance  apart  and  a 
loop  of  thread  some- 
what longer  than  twice 
this  distance  is  placed 
over  them.  Then  a 
pencil  P  is  placed  inside  the  thread  and  the  curve  is  drawn, 
keeping  the  tiiread  taut.  The  curve  obtained  in  this  way  is 
obviously  an  ellipse  because  the  length  of  the  thread  is 
constant,  and  this  means  that  the  sum  of  the  distances 
from  F  and  F'  to  the  pencil  P  is  the  same  for  all  points  of 
the  curve. 

64.  Motion  of  the  Earth  in  Its  Orbit.  —  The  earth  moves 
in  its  orl)it  around  the  sun  in  such  a  way  that  the  line  drawn 
from  the  sun  to  the  earth  sweeps  over,  or  describes,  equal 
areas  in  equal  inter%'als  of  time.  Thus,  in  Fig.  .38,  if  the 
three  shaded  areas  are  equal,  the  intervals  of  time  required 
for  the  earth  to  move  over  the  corresponriing  arcs  of  its  orbit 
are  also  equal.  This  implies  that  the  earth  moves  fastest 
when  it  is  at  P,  the  point  nearest  the  sun,  and  slowest  when 
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it  is  at  Ay  the  point  farthest  from  the  sun.  The  former  is 
called  the  perihelion  paint,  and  the  latter  the  aphelion  point. 
It  is  obvious  that  an  ellipse  may  be  very  nearly  round  or 
much  elongated.  The  extent  of  the  elongation  is  defined 
by  what  ia  known  as  the  eccentricity,  which  is  the  ratio  CS 
divided  by  CP.  If  the  line  CS  is  very  short  for  a  given  line 
CP,  the  eccentricity  is  small  and  the  ellipse  is  nearly  circular. 
In  fact,  a  circle  may  be  considered  as  being  an  ellipse  whose 
eccentricity  is  zero. 

The  eccentricity  of  the  earth's  orbit  is  very  slight,  being 
only  0.01677.    That  is,   the  distance  CS,   Fig.  38,  in  the 

case  of  the  earth's  orbit  is 
about  ^V  of  (^P-  Hence, 
if  the  earth's  orbit  were 
drawn  to  scale,  its  elonga- 
tion would  be  so  slight  that 
it  would  not  be  obvious  by 
simple  inspection. 

The  question  arises  as  to 
what  occupies  the  second 
focus  of  the  elliptical  orbit 
of  the  earth.  The  answer 
is  that  there  is  no  body 
there ;  nor  is  it  absolutely 
fixed  in  position  because;  the  earth's  orbit  is  continually 
modified  to  a  very  slight  extent  by  the  attractions  of  the 
other  planets. 

It  is  easy  to  sec  how  the  earth  might  revolve  around  the 
sun  in  a  circle  if  it  were  started  with  the  right  velocity. 
But  it  is  not  so  onsy  to  understand  how  it  can  revolve  in  an 
elliptical  orbit  with  the  sun  at  one  o'f  the  foci.  While  the 
matter  cannot  bo  fully  cxplaincul  without  some  rather  for- 
midable mathematical  considerations,  it  can,  at  least,  be 
made  plausible  by  a  little  reflection.  Suppose  a  body  is  at 
P,  Fig.  38,  and  moving  in  the  direction  PT.  If  its  speed  is 
exactly  such  that  its  centrifugal  acceleration  balances  the 


FiiJ.  3R.  The  cirth  niovos  sn  thiit 
the  line  from  the  sun  tuthe  earth 
sweeps  over  equul  areas  in  e<iual  inter- 
vals of  time. 
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attraction  of  the  sun,  it  will  levohx'  around  the  sun  in  a 
circle. 

But  suppose  the  initial  vclofit y  is  a  little  greater  than  that 
requiretl  for  njotion  in  a  ciiciilar  orbit.  In  this  ruse  the  sun's 
attraction  docs  not  fully  counter! laianee  the  centrifugal 
acceleration,  and  the  distance  of  the  hudy  from  the  sun 
increases.  Consider  tiie  situation  when  the  Ixidy  has 
moved  around  in  its  orbit  to  the  jroint  Q.  At  this  point  the 
centrifugal  acceleration  is  still  greater  than  the  attraction 
of  the  sun,  and  the'distance  of  the  body  from  the  sun  is 
increasing.  It  wit!  be  observed  that  the  sun's  attraction  no 
longer  acts  at  right  angles  to  the  direction  of  motion  of  the 
body,  but  that  it  tends  to  diminish  its  speed.  It  can  be 
shown  by  a  suitable  mathematical  discussion,  which  must  be 
omitted  here,  that  the  diminution  of  the  .speed  of  the  body 
more  ihan  offsets  tlie  decreasing  attjaetion  uf  the  sun  due  to 
the  increai^ing  distance  of  the  body,  and  that  in  elliptical 
Dibit-!  a  time  comes  in  which  the  attraction  and  the  cen- 
trifugal acceleration  balance.  Suppose  this  takes  place 
when  the  l>ody  is  at  R.  Since  its  speed  is  still  being  dimin- 
i.«heii  by  the  attraction  of  the  sun  from  that  point  on,  the 
attraction  will  more  than  counterbalance  the  centrifugal 
acceleration.  Eventually  at  A  the  liistance  of  the  body  from 
the  Bun  will  cease  to  incre.a,se.  That  is,  it  will  again  be  mov- 
ing at  right  angles  to  a  Une  joining  it  to  the  sun ;  but  its 
velocity  will  be  so  low  that  the  sun  will  pull  it  inside  of  a  cir- 
cular orbit  tangent  at  that  point.  It  will  then  proceed 
back  to  the  point  P,  its  velocity  increasing  as  it  decreases  in 
distance  while  going  fron;  A  to  P.  The  motion  out  from  the 
sun  and  back  again  is  analogous  to  that  of  a  l>all  projected 
obliquely  upward  from  the  surfa<;e  of  the  earth ;  its  speed 
decreases  to  its  highest  point,  and  then  increases  again  as  it 
it  descends. 

55.  Inclination  of  the  Earth's  Orbit.  —  The  plane  of  the 
earth's  orbit  is  called  the  plane  of  the  ecliptic,  and  the  line  in 
which  this  plane  intei-sects  the  sky  is  culled  the  ecliptic.     In 


106       AN   INTRODUCTION  TO  ASTRONOMY    [ch.  m,  55 


Fig.  39  it  is  the  circle  RAR'V.  The  plane  of  the  earth's 
equator  cuts  the  sky  in  a  circle  which  is  called  the  celestial 
equator.  In  the  figure  it  is  QAQ'V.  The  angle  between  the 
plane  of  the  equator  and  the  plane  of  the  ecliptic  is  23.5 
degrees.  This  angle  is  called  the  inclincAion  or  obliquity  of 
the  ecliptic. 

The  point  on  the  sky  pierced  by  a  line  drawn  perpendicular 
to  the  plane  of  the  ecliptic  is  called  the  pole  of  the  ecliptic, 


Fio.  .39.  —  The  ei'liptic,  trolfntiul  equator,  and  celestial  pole. 


and  the  point  where  the  earth's  axis,  extended,  pierces  the 
sky  is  called  the  pole  of  the  equator  or,  simply,  the  celestial 
pole.  The  orbit  of  the  earth  is  so  verj'  small  in  comparison 
with  the  distance  to  the  sky  that  the  motion  of  the  earth  in 
its  orbit  has  no  sensible  effects  on  the  position  of  the  celestial 
pole  and  it  may  be  ri'gardcd  as  a  fixed  point.  In  Fig.  39, 
P'  is  the  pole  of  the  ecliptic  and  P  is  the  pole  of  the 
equator.  The  angle  between  these  lines  is  the  same  as  the 
angle  between  the  planes,  or  23.5  degrees. 
Now  consider  the  precession  of  the  equinoxes  (Art.  47). 
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Thp  pole  of  the  ecliptic  remains  fixed.  As  a  consequence  of 
the  precession  of  the  equinoxes  the  pole  P  describes  a  circle 
around  it  with  a  niflius  of  23.5  riegree.s,  and  the  direction  of 
the  motion  is  opposite  to  that  of  the  direction  of  the  motion  of 
the  earth  around  the  sun.  Or,  the  points  A  and  V,  which  are 
the  equinoxes,  continusilly  move  JKickwtinl  alonji;  the  ecliptic 
ill  the  tiii-ection  oppo.sitc  to  that  of  the  revolution  of  the  earth. 

66.  Cause  of  the  Seasons.  —  Let  the  upper  part  of  the 
earth  E,  Fin;.  39,  represent  its  north  pole.  When  the  earth 
is  at  E\  it.s  north  pole  i.s  turned  away  from  the  sun  so  that 
it  is  in  continual  darkness ;  hut,  on  the  other  hand,  the 
south  pole  is  roiitinually  illuminated.  At  thi.s  time  of  the 
year  the  northern  hemii>ph('re  has  its  winter  and  the  south- 
ern hemisphere  its  summer.  The  conditions  are  reversed 
when  the  earth  is  at  iJj.  When  the  earth  is  at  7?!  the  plane 
of  its  equator  pas-ses  through  the  .sun,  and  it  i.s  the  spring 
season  in  the  northern  hemisphere.  Similarly,  when  the 
earth  is  at  E^  the  equator  also  pa.sses  through  the  sun  and 
it  is  autumn  in  the  northern  hemisphere. 

Consider  a  point  in  a  medium  northern  latitude  when  the 
earth  is  at  Ei,  and  the  same  position  again  when  the  earth  is 
at  Ei.  At  El  the  sun's  rays, 
when  it  is  on  thi'  meridian, 
strike  the  surface  of  the  earth 
at  the  point  in  question  more 
obliquely  than  when  the  earth 
is  at  En.  Their  intensity  is, 
therefore,  less  in  (he  former 
ca.se  than  it  is  in  the  latter; 
for.  in  the  former,  the  rays 
whose  cross  section  is  PQ, 
Fig.  40,  are  spread  out  over 
the  distance  AB,  while  in  the 
smaller  distance  A  'B. 


Fio. 


40.  —  Effprte   of    obliquity    of 
»un'a  rays. 


latter  they  extend  over  the 
This  fact,  and  the  variations  in  the 
number  of  hours  of  sunshine  per  day  (Art.  58),  cause  the 
changes  in  the  seasons. 
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67.  Relation  of  the  Position  of  the  Celestial  Pole  to  the 
Latitude  of  the  Observer.  —  In  order  to  make  clear  the 
climatic  effects  of  certain  additional  factors,  consider  the 
apparent  position  of  the  celestial  pole  as  seen  by  an  ob- 
server in  any  latitude.  Since  the  pole  is  the  place  where 
the  axis  of  the  earth,  extended,  pierces  the  sky,  it  is  obvious 
that,  if  an  observer  were  at  a  pole  of  the  earth,  the  celestial 
equator  would  be  on  his  horizon  and  the  celestial  pole  would 
be  at  his  zenith ;  while,  if  he  were  on  the  equator  of  the 
earth,  the  celestial  equator  would  pass  through  his  zenith, 
and  the  celestial  poles  would  be  on  his  horizon,  north  and 
south. 

Consider  an  observer  at  0,  Fig.  41,  in  latitude  I  degrees 
north  of  the  equator.    The  line  P'P   points  toward  the 


Fig.  41. 


-The  altitude  of  the  celestial  pole  equaU  the  latitude  of  the 

oliwrvcr. 


north  pole  of  Iho  sky.  Since  the  sky  is  extremely  far  away 
compared  to  the  dimensions  of  the  earth,  the  line  from  0 
to  the  celestial  pole  is  essentially  parallel  to  P'P.  The  angle 
between  the  plane  of  the  horizon  and  the  line  to  the  pole 
is  called  the  ahitude  of  the  pole.     Since  ON  is  perpendicular 
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to  EO,  and  P'P  is  perpendicular  to  EQ,  it  follows  that  a 
equals  /,  or  the  aUitwk  of  the  pole  equals  Ike  latitude  of  the 
observer. 

Consider  also  the  altitude  of  the  equator  where  it  crosses 
the  meridian  directly  south  of  the  observer.  It  is  represented 
by  6  in  the  diagram.  It  easily  follows  that  6  =  90°  —  /, 
or  the  altitude  of  the  equator  where  it  crosses  the  meridian 
equals  !)fl°  minus  tiic  hititudf  of  the  observer. 

68.  The  Diurnal  Circles  of  the  Sun.  —  It  is  evndent  from 
I"ig.  39  that  when  tlic  earth  is  in  the  position  E\,  the 
sun  is  seen  south  of  the  celestial  equator;  when  the  earth  is 
at  ^1  or  Ei,  the  sun  appears  to  he  on  the  celestial  equator; 
and  when  the  earth  is  at  A'a,  the  sun  is  seen  north  nf  thf  ce- 
lestial equator.  If  the  equator  is  taken  as  the  line  of  refer- 
ence and  the  apparent  motion  of  the  sun  is  considered,  its 


Fio.  i'2.  —  Relation  of  ecliptic  and  cclesliul  equator. 


position  with  respect  to  the  etjiiator  is  represented  in  Fig, 
42.  The  sun  appears  to  be  at,  I'  when  the  earth  is  at  Ei, 
Fig.  39.  The  pttint  V  is  called  the  vertuil  equinox,  and 
the  sun  has  this  position  on  or  within  one  day  of  March  21. 
Tlie  sun  is  at  iS,  called  the  stimmer  solntice,  when  the  earth  is 
ai  El,  Fig.  39,  and  it  is  in  this  pasition  about  Jime  21. 
The  sun  is  at  .1,  called  the  (intiniinfrl  equinox,  when  the  earth 
is  at  £»,  and  it  has  t  his  position  about  September  23.  Finally, 
the  sun  is  at  W,  which  is  <'alled  the  unnter  solstice,  when  the 
earth  is  at  £"1.  The  aiiftle  between  the  ecliptic  and  the 
equator  at  V  and  A  is  23°.5;  and  the  perpendicular  dis- 
tance Iwtween  the  equator  and  the  ecliptic  at  8  and  W  is 
23"^.  From  these  relations  and  those  given  in  Art.  57  the 
diurnal  paths  of  the  sun  can  readily  be  constructed. 
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Fig.  43.  —  Diurnal  circles  of  the  sun. 


Suppose  the  observer  is  in  north  latitude  40".  Let  0, 
Fig.  43,  represent  his  position,  and  suppose  his  horizon  is 
SWNE,  where  the  letters  stand  for  the  four  cardinal  points. 
Then  it  follows  from  the  relation  of  the  altitude  of  the  pole 

to  the  latitude  of  the  ob- 
server that  NP,  where  P 
represents  the  pole,  is  40°. 
Likewise  SQ,  where  Q  repre- 
sents the  place  at  which  the 
equator  crosses  the  meridian, 
is  50°.  The  equator  is  every- 
where 90  degrees  from  the 
pole  and  in  the  figure  is 
represented  by  the  circle 
QWQ'E. 

Suppose  the  sim  is  on  the 
equator  at  F  or  A,  Fig.  42. 
Since  it  tak(>s  six  months  for  it  to  move  from  F  to  A,  its 
motion  in  one  day  is  very  small  and  may  be  neglected  in  the 
present  discussion.  Hence,  without  serious  error,  it  may  be 
supposed  that  the  sun  is  on  the  equator  all  day.  When  this 
is  the  case,  its  apparent  diurnal  path,  due  to  the  rotation 
of  the  earth,  i.s  EQWQ',  Fig.  43.  It  will  be  noticed  that 
it  rises  directly  in  the  east  and  sots  directly  in  the  west, 
being  exactly  half  the  time  above  the  horizon  and  half  the 
time  below  it.  This  is  true  whatever  the  latitude  of  the 
observer.  But  the  height  at  which  it  crosses  the  meridian 
depends,  of  course,  upon  the  latitude  of  the  observer,  and  is 
greater  the  nearer  he  is  to  the  earth's  equator. 

Suppose  now  that  it  is  June  21  and  that  the  sun  is  at  the 
summer  solstice  .S,  Fig.  42.  It  is  then  23°.5  north  of  the 
equator  and  will  have  essentially  this  distance  from  the 
equator  all  day.  The  diurnal  path  of  the  sun  in  this  case 
is  EiQiWiQ/,  Fig.  43,  which  is  a  circle  parallel  to,  and  23°.5 
north  of,  the  equator.  In  this  case  the  sun  rises  north  of 
the  east  point  by  the  angle  EEi,  and  sets  an  equal  distance 
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north  of  the  west  point.  Moreover,  it  is  more  than  half 
the  twenty-four  hours  above  the  horizon.  The  fact  that  its 
altitude  at  noon  is  23°. 5  greater  than  it  is  when  the  sun  is 
on  the  equator,  and  the  longer  time  from  sunrise  to  sun.set, 
are  the  reasons  that  the  temperature  is  higher  in  the  summer 
than  in  the  spring  or  autumn.  It  is  obvious  from  Fig.  43 
tliat  the  length  of  tin-  iliiy  from  sunrise  to  sunset  depends 
upon  the  latitude  of  the  observer,  being  greater  the  farther 
he  is  from  the  earth's  equator. 

When  the  sun  is  at  the  winter  .solstice  W,  Fig.  42,  its 
diurnal  path  is  A'jQjH'jQs'.  At  this  time  of  the  year  it  rises 
in  the  southea.st,  crosses  the  meridian  at  a  low  altitude,  and 
sets  in  the  southwest.  Tlie  I  inic  during  wliirh  it  is  above  the 
horizon  is  less  than  that  during  which  it  is  below  the  horizon, 
and  the  difference  in  the  two  intervals  depentis  upon  the 
latitude  of  the  ob.server. 

69.  Hours  of  Sunlight  in  Different  Latitudes.  —  It  fol- 
lows from  Fig.  43  that  when  the  sun  is  north  of  the  celestial 
equator,  an  oljserver  north  uf  tiic  earth's  etiuator  receives 
more  than  12  hours  of  sunlight  per  day ;  and  when  the  sun 
is  south  of  the  celestial  equator,  he  receives  less  than  12 
hours  of  sunlight  per  day.  it  might  be  suspected  that  the 
excess  at  one  time  exactly  balances  the  deficiency  at  the 
other.  This  suspicion  is  strengthened  by  the  obvious  fact 
that,  a  point  at  the  etpiator  receives  12  hours  of  sunlight 
per  day  every  day  in  the  year,  and  at  the  pole  the  sun 
shines  continuously  for  six  months  and  is  below  the  horizon 
for  six  months,  giving  the  same  total  mmiiicr  of  hours  of 
sunslune  in  these  two  extreme  positions  on  the  earth.  The 
conclusion  is  correct,  for  it  can  be  shown  that  the  total 
number  of  hours  of  sunshine  in  a  year  is  the  same  at  all 
pla«»  on  the  earth's  surface.  This  does  not,  of  course, 
mean  that  the  same  amount  of  sunshine  is  received  at  all 
plai-es,  because  jit  p<isitioiis  near  the  polios  the  sun's  rays 
always  strike  the  surface  very  obliquely,  while  at  positions 
near  the  equator,  for  at  least  part  of  the  time  they  strike 
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the  surface  perpendicularly.  The  intensity  of  sunlight  at 
the  earth's  equator  when  the  sun  is  at  the  zenith  is  2.5 
times  its  maximum  intensity  at  the  earth's  poles ;  and  the 
amount  received  per  unit  area  on  the  equator  in  a  whole 
year  is  about  2.5  times  that  received  at  the  poles. 

If  the  obliquity  of  the  ecliptic  were  zero,  the  sun  would 
pass  every  day  through  the  zenith  of  an  observer  at  the 
earth's  equator ;  but  actually,  it  passes  through  the  zenith 
only  twice  a  year.  Consequently,  the  effect  of  the  obliquity 
of  the  ecliptic  is  to  diminish  the  amount  of  heat  received  on 
the  earth's  equator.  Therefore  some  other  places  on  the 
earth,  which  are  obviously  the  poles,  must  receive  a  larger 
amount  than  they  would  if  the  equator  and  the  ecUptic 
were  coincident.  That  is,  the  obliquity  of  the  ecliptic 
causes  the  climate  to  vary  less  in  different  latitudes  than  it 
would  if  the  obliquity  were  zero. 

60.  Lag  of  the  Seasons.  —  From  the  astronomical  point 
of  view  March  21  and  September  23,  the  times  at  which  the 
sun  passes  the  two  equinoxes  are  corresponding  seasons. 
The  middle  of  the  summer  is  when  the  sun  is  at  the  summer 
solstice,  June  21,  and  the  middle  of  the  winter  when  it  is  at 
the  winter  solstice,  December  21.  But  from  the  climatic 
standpoint  March  21  and  September  23  are  not  correspond- 
ing seasons,  and  June  21  and  December  21  are  not  the 
middle  of  summer  and  winter  respectively.  The  climatic 
seasons  lag  behind  the  astronomical. 

The  cause  of  the  lag  of  the  sea.sons  is  very  simple.  On 
June  21  any  place  on  the  earth's  surface  north  of  the  Tropic 
of  Cancer  is  receiving  the  largest  amount  of  heat  it  gets  at 
any  time  in  the  year.  On  account  of  the  blanketing  effect 
of  the  atmosphere,  less  heat  is  radiated  than  is  received; 
hence  the  temperature  continues  to  rise.  But  after  that 
date  less  and  less  heat  is  received  as  day  succeeds  day; 
on  the  other  hand,  more  is  radiated  daily,  for  the  hotter  a 
body  gets,  the  faster  it  radiates.  In  a  few  weeks  the  loss 
equals,  and  then  exceeds,  that  which  is  received,  after  which 
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the  temperature  begins  to  fall.  The  same  reasoning  applies 
for  all  the  other  seasons.  This  phenomenon  is  quite  analo- 
gous to  the  familiar  fact  that  the  maximum  daily  tempera- 
ture normally  occurs  somewhat  after  noon. 

If  there  were  no  atmosphere  and  if  the  earth  radiated  heat 
as  fast  as  it  was  acquired,  there  would  he  no  lag  in  the 
Beacons.  In  high  altitudes,  where  the  air  is  thin  and  dry, 
this  condition  is  nearly  reahzed  and  thr  lag  of  the  seasons  is 
small,  though  the  phenomenon  is  very  much  disturbed  by  the 
great  air  currents  which  do  much  to  equalize  temperatures. 

61.  The  Effect  of  \he  Eccentricity  of  the  Earth  s  Orbit 
on  the   Seasons.  —  It  is  found  from  observations  of  the 


Tva.  44.  —  Bccaileie  of  the  eccentricity  of  the  earth's  orbit,  Bummen  in  tha 
Dortbern  hemisphere  are  longer  than  the  winters. 

apparent  diameter  of  the  sun  that  the  earth  is  at  its  peri- 
helion on  or  about  Januar>'  3,  and  at  its  aphelion  on  or  about 
July  4.  It  follows  frtim  the  way  the  earth  describes  its 
orbit,  as  explained  in  Art.  54,  that  the  time  required  for  it 
to  move  from  P  to  Q,  Fig.  44,  is  exactly  equal  to  that 
required  for  it  to  move  from  Q  to  P.  But  the  line  joining 
the  vernal  and  autumnal  equinoxes,  which  passes  through 
the  sun,  is  nearly  at  right  angles  to  the  hne  joining  the 
perihelion  and  aphelion  points,  and  is  represented  by  VA, 
Fig.  44.  Since  the  area  swept  over  by  the  radius  from  the 
to  the  earth,  while  the  earth  is  moving  over  the  arc 
I 
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VQA,  is  greater  than  the  area  describetl  while  it  goes  over 
the  arc  APV,  it  follows  that  the  interval  of  time  in  the  for- 
mer case  is  greater  than  that  in  the  latter.  That  is,  since 
V  is  the  vernal  equinox,  the  summer  in  the  northern  hemi- 
sphere is  longer  than  the  winter.  The  difference  in  length 
is  greatly  exaggerated  in  the  figure,  but  it  is  found  that  the 
interval  from  vernal  equinox  to  autumnal  equinox  is  actually 
about  18(5.25  days,  while  that  from  autumnal  equinox  to 
vernal  equinox  is  only  179  days.  The  difference  is,  there- 
fore, about  7.25  days. 

Since  the  summers  are  longer  thqn  the  winters  in  the 
northern  hemisphere  while  the  reverse  is  true  in  the  south- 
em  hemisphere,  it  might  be  supposed  that  points  in  corre- 
sponding latitudes  receive  more  heat  in  the  northern  hemi- 
sphere than  in  the  southern  hemi.'^phere.  But  it  will  be 
noticed  from  Fig.  44  that,  although  the  summer  is  longer  in 
the  northern  hemisphere  than  it  is  in  the  southern,  the  earth 
is  then  farther  from  the  sun.  It  can  be  shown  from  a  dis- 
cussion of  the  way  in  which  the  earth's  distance  from  the 
sun  varies  and  from  the  rate  at  which  it  moves  at  differ- 
ent points  in  its  orbit,  that  the  longer  .summer  season  in 
the  northern  hemisphere  is  exactly  counterbalanced  by  the 
greater  distance  the  earth  is  then  from  the  sun.  The  result 
is  that  points  in  corresptinding  latitudes  north  and  south  of 
the  equator  receive  in  the  whole  year  exactly  the  same 
amount  of  light  and  heat  from  the  sun. 

There  is,  however,  a  difference  in  the  seasons  in  the  north- 
ern and  southern  hemispheres  which  depends  upon  the  ec- 
centricity of  the  earth's  orbit.  When  the  sun  is  north  of 
the  celestial  equator  so  that  its  rays  strike  the  surface  in 
northern  latitudes  most  nearly  perpendicularly,  a  condition 
that  tends  to  produce  high  temperatures,  the  greater  di.s- 
tance  of  the  sun  reduces  them  somewhat.  Therefore,  the 
temperature  does  not  rise  in  the  summer  so  high  as  it  would 
if  the  earth's  orbit  were  circular.  In  the  winter  time,  at 
the  same  place,  when  the  sun's  rays  strike  the  surface  slant- 
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iogly,  the  earth  is  nearer  to  the  sun  than  the  average,  and 
consequently  the  temperature  doe.s  not  fall  so  low  as  it  would 
if  the  eccentricity  of  the  earth's  orbit  were  zero.  The  re- 
sult is  that  the  seasonal  variations  in  the  northern  hemi- 
sphere are  less  extreme  than  they  would  be  if  the  eaitli's 
orbit  were  circular;  and,  for  the  opposite  reason,  in  the 
southern  hemisphere  they  are  more  extreme.  This  does 
not  mean  tiiat  actually  there  are  greater  extremes  in  the 
temperature  south  of  the  equator  than  there  are  north  of  the 
equator.  The  larger  proportion  of  water  in  the  southern 
hemisphere,  which  tends  to  make  to'mperature  conditions 
uniform,  may  more  than  offset  the  effects  of  the  eccentricity 
of  the  earth's  orbit. 

The  attractions  of  the  other  planets  for  the  earth  change 
very  slowly  both  the  eecentncity  and  the  direction  of  the 
perihelion  of  the  earth's  orbit.  It  has  lieen  shown  by 
mathematical  di.Hca.s.si()iis  of  these  influences  that  the  re- 
lation of  the  perihelion  to  the  line  of  the  equinoxes  will  be 
reversed  in  about  50,000  years.  In  fact,  there  is  a  cyclical 
changt>  in  these  relations  with  a  [leriod  of  somewhat  more 
than  1(X),(X)0  years.  It  was  suggested  by  James  CroU  that 
the  condition  of  long  winter  and  short  summer,  such  as 
now  prevails  in  the  southern  hemisphere,  especially  when  the 
t«fentri(!ity  of  the  earth's  orliit  wa.s  greatest,  producwl  the 
giuciiition  which  large  [jortions  of  the  earth's  surface  are 
known  t-o  have  experienced  rejieatediy  in  the  past.  This 
theory  has  now  been  abandoned  because,  on  other  grouiuls, 
it  is  extremely  improbable. 

62.  Historical  Sketch  of  the  Motions  of  the  Earth.  — 
Tile  liistory  of  the  tlieon'  of  the  motion  of  the  earth  is  inti- 
mately associated  with  that  of  the  motions  of  the  planets, 
and  the  whole  problem  of  the  relations  of  tlie  members  of 
the  solar  system  to  one  another  may  well  be  considered 
together. 

The  planets  are  readily  found  by  observations,  even 
without  telescopes,  to  be  moving  among  the  stars.     Tiieories 
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respecting  the  meanings  of  these  motions  date  back  to  the 
very  dawn  of  history.  Many  of  the  simpler  phenomena 
of  the  sun,  moon,  and  planets  had  been  carefully  observed 
by  the  Chaldeans  and  Egyptians,  but  it  remained  for  the 
brilliant  and  imaginative  Greeks  to  organize  and  generalize 
experience  and  to  develop  theories.  Thales  is  credited  with 
having  introduced  Egyptian  astronomy  into  Greece  more 
than  600  years  before  the  Christian  era.  The  Pythagoreans 
followed  a  century  later  and  made  important  contributions 
to  the  philosophy  of  the  science,  but  very  few  to  its  data. 
Their  success  was  due  to  the  weakness  of  their  method ;  for, 
not  being  too  much  hampered  by  the  facts  of  observation, 
they  gave  free  rein  to  their  imaginations  and  introduced 
numerous  ideas  into  a  budding  science  which,  though  often 
erroneous,  later  led  to  the  truth.  They  believed  that  the 
earth  wa«  round,  immovable,  at  the  center  of  the  universe, 
and  that  the  heavenly  todies  moved  around  it  on  crystalline 
spheres. 

Following  the  Pythagoreans  came  Eudoxus  (409-356  B.C.), 
Aristotle  (384-322  u.c),  and  Aristarchus  (310-250  B.C.), 
who  were  mucli  more  scientific,  in  the  modern  sense  of 
the  term,  and  who  made  serious  attempts  to  secure  perfect 
agreement  between  the  observations  and  theory.  Aris- 
tarclms  wtia.  the  fii-st  to  show  that  the  apparent  motions  of 
the  sun,  moon,  and  stars  could  be  exphiinwl  by  the  theory 
that  the  earth  rotates  on  its  axis  and  revolves  around  the 
sun.  Aristotle's  objection  was  that  if  this  theory  were  true 
the  stars  would  apjjcar  to  be  in  different  directions  at  differ- 
ent times  of  the  year ;  the  reply  of  .-\ri.starchus  was  that  the 
st.ars  were  infinitely  remote,  a  valid  answer  to  a  sensible 
criticism,  .\ristarchus  was  a  member  of  the  Alexandrian 
school,  founded  by  .Alexander  the  Great,  and  to  which  the 
geometer  Euclid  belonged.  His  astronomy  had  the  formal 
perfection  which  would  be  natural  in  a  school  where  geometry 
was  so  splendidly  systeniutizetl  that  it  has  required  almost 
no  modification  for  2000  years. 
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Tbf  rather  formal  astronomy  which  resulted  from  the 
influence  of  the  matliematics  of  Alexandria  wa.s  succeeded 
by  an  epoch  in  which  the  greatest  care  wa.s  taken  to  secure 
obfterv'ations  of  the  highest  possible  precision.  Hipparchus 
(18Q-110  B.C.),  who  belonged  to  this  period,  i.<  univers.illy 
concwliil  to  have  been  the  greatest  a.strononier  of  antiquity. 
His  oliscrvations  in  lx)th  extent  and  accuracy  had  never  been 
approached  U-forc  his  lime,  nor  were  they  again  equaletl 
until  the  time  of  the  Arab,  Albategnius  (850-929  a.d.). 
He  systematically  and  critically  compared  his  observations 
with  those  of  his  prede<"essors.  He  dev<'loi)ed  trigonometry 
without  wliich  precise  {istrononiical  calculations  cannot  be 
made.  He  tleveloped  an  ingenious  scheme  of  eccentrics 
and  epicyele-s  (which  will  be  ex)>lairied  presently)  to  repre- 
sent the  motions  of  the  heavenly  bodies. 

Ptolemy  (100-170  .\.d.)  was  tiie  first  astronomer  of  note 
after  Hipparchus,  and  the  last  iin]K>rtant  astronomer  of  the 
AlexandriiU)  periotl.  Fnim  hi.s  time  until  that  of  Coper- 
nicus (1473-1543)  not  a  single  imixirtant  advance  was  made 
in  the  science  of  astronomy.  From  Pythagoras  to  Ptolemy 
was  700  yejirs,  from  Ptolemy  to  ('o[)c>rnicus  was  1400  years, 
and  from  Copernicus  to  the  present  time  is  400  years.  The 
work  of  Ptolemy,  which  is  preserved  in  the  Almagest  {i.e. 
The  Cireati>st  ComiMsition),  was  the  crowning  achievement 
of  the  8cc<md  period,  and  that  of  Copernicus  was  the  first 
of  the  modern  j^eriod  ;  or,  perhaps  it  would  be  more  accurate 
to  say  that  the  work  of  Copernieas  (constituted  the  transition 
from  ancient  to  modern  sistninomy,  wliich  wtis  really  b€>gun 
by  Kepler  (1571-1630*  and  Galik-o  (15(34-1642). 

The  most  elalwrate  tlieury  of  ancient  times  for  explaining 
the  motions  of  the  heavenly  bodies  was  due  to  Ptolemy. 
He  suppos<><l  that  the  earth  was  a  fixed  sphere  situated  at 
the  center  of  the  universe.  He  supptwed  that  the  sun  and 
moon  movtHl  around  the  earth  in  circles.  It  does  not  seem 
tohaveoccurrtHl  to  the  ancients  tlwt  the  orbits  of  the  heaveidy 
bodies  could  be  anything  but  circles,  which  were  supposed 
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to  be  perfect  curves.  In  order  to  explain  the  varying  dis- 
tances of  the  sun  and  moon,  which  were  proved  by  the  vari- 
ations in  their  apparent  diameters,  he  supposed  that  the 
earth  was  somewhat  out  of  the  centers  of  the  circles  in  which 
the  various  bodies  were  supposed  to  move  around  it.  It  is 
clear  that  such  motion,  called  eccentric  motion,  would  have 
considerable  similarity  to  motion  in  an  ellipse  around  a  body 
at  one  of  its  foci. 

Another  device  used  by  Ptolemy  for  the  purpose  of  ex- 
plaining the  motions  of  the  planets  was  the  epicycle.  In 
this  system  the  body  was  supposed  to  travel  with  uniform 
speed  along  a  small  circle,  the  epicycle,  whose  center  moved 
with  uniform  speed  along  a  large  circle,  the  deferent,  around 
the  earth.  By  carefully  adjusting  the  dimensions  and  in- 
clinations of  the  epicycle  and  the  deferent,  together  with 
the  rates  of  motion  along  them,  Ptolemy  succeeded  in  getting 
a  very  satisfactory  theory  for  the  motions  of  the  sun,  moon, 
and  planets  so  far  as  they  were  then  known. 

Copernicus  was  not  a  great,  or  even  a  skillful,  observer, 
but  he  devoted  many  years  of  his  Ufe  to  the  study  of  the 
apparent  motions  of  the  heavenly  bodies  with  a  view  to 
discovering  their  real  motions.  The  invention  of  printing 
about  1450  had  made  accessible  the  writings  of  the  Greek 
philosophers,  and  Copernicus  gradually  became  convinced 
that  the  suggestion  that  the  sun  is  the  center,  and  that  the 
earth  both  rotates  on  its  axis  and  revolves  aroimd  the  sun, 
explains  in  the  simjilest  possible  way  all  the  observed  phe- 
nomena. It  must  be  insisted  that  Copernicus  had  no  rigorous 
proof  that  the  earth  revolved,  but  the  great  merit  of  his  work 
consisted  in  the  faithfulness  and  minute  care  with  which 
he  showed  that  the  heliocentric  theory  would  satisfy  the 
observation  as  well  as  the  geocentric  theory,  and  that  from 
the  standpoint  of  common  sense  it  was  much  more  plausible. 

The  immediate  successor  of  Copernicus  was  Tycho  Brahe 
(1546-1610),  who  rejected  the  heliocentric  theory  both  for 
theological  reasons  and  because  he  could  not  observe  any 


Iihsplaceinents  of  the  stars  due  to  the  annual  motion  of  the 
[earth.  He  contributed  nothing  of  value  to  the  theory  of 
Bslronomy,  but  ho  was  an  observer  of  tireless  industry  whose 
work  had  never  been  equaled  in  quality  or  quantity.  For 
example,  he  determined  the  length  of  the  year  correctly  to 
within  one  second  of  time. 

Between  the  time  of  Tycho  Brahe  and  that  of  Newton 
(1643-1727),  who  finally  laid  the  whole  foundation  for  me- 
chanics and  particularly  the  theory  of  motions  of  the  planets, 
there  lived  two  great  a.stronomers,  Galileo  (1564-1642)  and 
Kepler  (1571-1630),  who  by  work  in  quite  different  diree- 
tions  lc<l  to  the  complete  overthrow  of  the  Ptolemaic  theorj' 
of  eccentrics  and  epicj'cles.  These  two  men  had  almost  no 
characteristics  in  common.  (l.tlilMi  was  riear,  penetrating, 
brilliant ;  Kepler  was  mystical,  slow,  but  endowed  with  un- 
wearying industrj'.  Galileo,  whose  active  mind  turned  in 
many  directions,  invented  the  telescope  and  the  jirndulum 
clock,  to  some  extent  anticipated  Newton  in  hijing  the 
foundation  of  djTiamics,  proved  that  light  and  heavj'  bodies 
fall  at  the  same  rate,  covered  the  field  of  mathemntica!  and 
physical  science,  and  defended  the  heliocentric  theory  in  a 
matchless  manner  in  his  Dialogue  on  the  Two  Chief  Systems 
of  the  World.  Kepler  coiifliied  his  attention  to  rlevising  a 
theorj"  t/o  account  for  the  aijparetit  motions  of  sun  and  planets, 
especially  us  measured  bj-  his  preceptor,  Tycho  Brahe.  With 
an  honesty  and  thoroughness  that  co»dd  not  be  surpassed, 
he  tested  one  theorj-  after  another  and  found  them  unsatis- 
factory. Once  he  had  reduced  everything  to  harmony  ex- 
cept some  of  the  ohser\'ations  of  Mars  by  Tycho  Brahe 
(of  course  without  a  telescope),  and  there  the  discrepancy 
below  the  limits?  of  error  of  all  observers  except  Tycho 
Brahe.  Instead  of  ascribing  the  discrepancies  to  minute 
errors  by  Tycho  Brahe.  he  had  implicit  faith  in  the  absolute 
reliability  of  his  master  and  pa.ssed  on  to  the  consideration 
of  new  theories.  In  his  books  he  set  forth  the  complete 
record  of  his  successes  and  his  failures  with  a  childlike  candor 
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not  found  in  any  other  writer.  After  nearly  twenty  years 
of  computation  he  found  the  three  laws  of  planetary  motion 
(Art.  145)  which  paved  the  way  for  Newton.  Astronomy 
owes  much  to  the  thoroughness  of  Kepler. 

\^J,  VI.  QUESTIONS 

1.  Note  carefully  the  position  of  any  conspicuous  star  at  8  p.m. 
and  verify  the  fact  that  in  a  month  it  will  be  30°  farther  west  at  tko 
same  time  in  the  evening. 

*  2.  Prom  which  of  the  law.s  of  motion  does  it  follow  that  two 
attracting  bodies  revolve  around  their  common  center  of  gravity  ? 

3.  What  are  the  fundamental  principles  on  which  eaoh  of  the 
four  proofs  of  the  revolution  of  the  earth  depend?  How  many 
reaUy  independent  proofs  of  the  revolution  of  the  earth  are  there  ? 

>f  4.  Which  of  the  proofs  of  the  revolution  of  the  earth  g^ve  also 
the  size  of  its  orbit  ? 

5.  The  aberration  of  light  causes  a  star  apparently  to  describe  a 
small  curve  near  its  true  place ;  what  is  the  character  of  the  curve  if 
the  star  is  at  the  pole  of  the  ecliptic?  If  it  is  in  the  plane  of  the 
earth's  orbit? 

>  6.  Discuss  the  questions  corresponding  to  question  5  for  the 
small  curve  described  as  a  consequence  of  the  parallax  of  a  star. 
Do  aberration  and  parallax  have  their  maxima  and  minima  at  the 
same  times,  or  are  their  phases  such  that  they  can  be  separated? 

7.  Discuss  the  climatic  conditions  if  the  day  were  twice  as  long 
as  it  is  at  present. 

•+  8.  If  the  eccentricity  of  the  earth's  orbit  were  zero,  in  what 
respects  would  the  seasons  differ  from  thosti  which  we  have  now? 

9.  If  the  inclination  of  the  equator  to  the  ecliptic  were  zero,  in 
what  respects  would  the  seasons  differ  from  those  which  we  have  now  ? 

>  10.  Suppose  the  inclination  of  the  equator  to  the  ecliptic  were 
90°;  describe  the  phenomena  which  would  correspond  to  our  day 
and  to  our  seasons. 

1 1.  Draw  diagrams  griving  the  diurnal  circles  of  the  sun  when  the 
sun  is  at  an  equinox  and  both  solstices,  for  an  observer  at  the  earth's 
equator,  in  latitude  7.5°  north,  and  at  the  north  pole. 

■»  12.  At  what  times  of  the  year  is  the  sun's  motion  northward  or 
southward  slowest  (see  Pig.  42)  ?  For  what  latitude  will  it  then  pass 
through  or  near  th(<  zenith?  This  place  will  then  have  its  highest 
temperature.  Compare  the  amount  of  heat  it  receives  with  that 
received  by  the  equator  during  an  equal  interval  when  the  sun  ia 
near  the  equinox.    Which  will  have  the  higher  temperature  ? 


63.  Object  and  Character  of  Reference  Points  and 
Lines.  —  One  of  Uw  ol)je^•t^<  ut  which  sistroiiomcr.'*  uim  i.s  a 
knowledge  of  the  motions  of  the  heavenly  l)o<lie.s.  In  order 
fully  to  det«nnine  their  motions  it  is  neee.ssary  to  learn  how 
their  apparent  positions  change  with  the  time.  Another 
important  jirobletii  of  the  aslrcjnomcr  is  the  measurement  of 
the  distanees  of  the  eelestial  objects,  for  without  a  knowleiige 
of  their  distances,  their  dimensions  and  many  othei-  of  tlieir 
properties  cannot  he  determined.  In  order  to  measure  the 
distance  of  a  celestial  bo4ly  it  is  necessary  to  find  how  its 
apparent  ilirection  differs  an  seen  from  different  points  on 
the  earth's  surface  (Art.  123),  or  from  diffei-ent  points  in  the 
the  earth's  orbit  (Art.  51).  For  both  of  these  problems  it  is 
obviously  imixjrtant  to  have  a  piecise  and  convenient  means 
(if  describing  the  apjjarent  positions  of  the  heavenly  bodies. 

Not  only  ai-e  systems  of  reference  p(»ints  and  lines  impor- 
tant for  certain  kimls  of  serious  astronomical  work,  but  they 
are  also  indispens^ible  to  those  who  wish  to  get  a  reasonalilc 
familiarity  with  the  wonders  of  the  sky.  Any  one  who  has 
traveled  and  noticed  the  stars  has  found  that  their  apparent 
positions  are  different  when  viewed  from  different  latitudes 
on  the  earth.  It  can  be  verified  by  any  one  on  a  single  clear 
evening  that  the  stars  ap()arently  move  during  the  night. 
And  if  the  sky  is  examined  ;U  the  same  time  of  night  on  dif- 
ferent dates  the  stars  will  be  frniiid  to  occupy  flifferent  places. 
That  ia,  there  is  considerable  complexity  in  the  apparent 
motions  of  the  stars,  and  any  such  vague  directions  as  are 
ordinarily  made  to  suffice  for  describing  positions  on  the  earth 
would  be  absolutely  useless  when  applied  to  the  heavens. 
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Although  the  celestial  bodies  differ  greatly  in  distance 
from  the  earth,  some  being  millions  of  times  as  far  away  as 
others,  they  all  seem  to  be  at  about  the  same  distance  on  a 
spherical  surface,  which  is  called  the  celestial  sphere.  In 
fact,  the  ancients  actually  assumed  that  the  stars  are  at- 
tached to  a  crystalline  sphere.  The  celestial  sphere  is  not  a 
sphere  at  any  particular  large  distance ;  it  is  an  imaginary 
surface  beyond  all  the  stars  and  on  which  they  are  all  pro- 
jected, at  such  an  enormous  distance  from  the  earth  that 
two  lines  drawn  toward  a  point  on  it  from  any  two  points 
on  the  earth,  or  from  any  two  points  on  the  earth's  orbit, 
are  so  nearly  parallel  that  their  convergence  can  never  be 
detected  with  any  instrument.  For  short,  it  is  said  to  be 
an  infinite  sphere. 

While  the  real  problem  giving  rise  to  reference  points  and 
lines  is  that  of  describing  accurately  and  concisely  the  direc- 
tions of  celestial  objects  from  the  observer,  its  solution  is 
equivalent  to  describing  their  apparent  positions  on  the 
celestial  sphere.  Since  it  is  much  easier  to  imagine  a  position 
on  a  sphere  than  it  Is  to  think  of  the  direction  of  lines  radiat- 
ing from  its  center,  the  heavenly  bodies  are  located  in  direc- 
tion by  describing  their  projected  positions  on  the  celestial 
sphere.  Fortunately,  a  similar  problem  has  been  solved  in 
locating  positions  on  the  surface  of  the  earth,  and  the  astro- 
nomical problem  is  treated  similarly. 

64.  The  Geographical  System.  —  Every  one  is  familiar 
with  the  method  of  locating  a  position  on  the  surface  of  the 
earth  by  giving  its  latitude  and  longitude.  Therefore  it  will 
be  sufficient  to  point  out  here  the  essential  elements  of  this 
process. 

The  geographical  lines  that  cover  the  earth  are  composed 
of  two  distinct  sets  which  have  quite  different  properties. 
The  first  set  consists  of  the  equator,  wliich  is  a  great  circle, 
and  the  parallels  of  latitude,  which  ar(!  small  circles  parallel 
to  the  equator.  If  the  equator  is  defined  in  any  way,  the 
two  associated  poles,  which  are  90°  from  it,  are  also  uniquely 
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located.  Or,  if  there  is  any  natural  way  in  which  the  poles 
are  defined,  the*  equator  is  it«elf  given.  In  the  case  of  the 
earth  the  poles  are  the  points  on  its  surface  at  the  ends  of 
its  axis  of  rotation,  and  these  points  consequently  have 
properties  not  possessed  by  any  others.  If  they  are  regarded 
us  being  defined  in  this  way,  the  equator  is  defined  as  the 
great  circle  90"  from  them. 

The  second  set  of  circles  on  the  surface  of  the  earth  con- 
si.sta  of  great  circles,  called  meridians,  pa.ssing  through  the 
poles  and  cutting  the  equator  at  right  angles.  All  the 
meridians  are  similar  to  one  another,  and  a  convenient 
one  is  chosen  as  a  line  from  which  to  mea.sure  longitudes. 
The  distances  from  the  fvindamental  meridian  to  the  other 
meridians  are  given  in  degrees  and  are  most  conveniently 
measured  in  arcs  along  the  equator. 

The  fundamental  meridian  generally  used  as  a  standard 
is  that  one  which  passes  through  flic  observatory  at  Green- 
wich, England.  However,  in  many  cases,  other  countries 
use  the  meridians  of  their  own  national  oh.'^ervatories.  For 
example,  in  the  United  States,  the  meridian  of  the  Naval 
Obsen'atorj'  at  Washington  i.s  frequently  employed. 

In  order  to  locate  uniquely  a  point  on  the  surface  of  the 
earth,  it  is  sufiicient  t^  give  its  latitude,  which  is  the  angular 
distance  from  the  equator,  and  its  longitude,  which  is  the 
angular  distance  east  or  west  of  the  standard  meridian. 
These  distances  are  called  the  eoordinntex  of  the  point.  It 
is  customarj'  to  measure  the  longitude  either  east  or  west,  as 
may  Ije  neces.sar\-  in  order  that  it  ah-M  not  he  greater  than 
180".  In  many  respects  it  would  be  simpler  if  longitude  were 
eotinted  from  the  fundainentHl  meridian  in  a  single  direction. 

65.  The  Horizon  System.  —  The  horizon,  wliich  separates 
the  vi.sible  portion  of  the  sky  from  that  which  is  invisible,  is 
a  curve  that  cannot  escape  attention.  If  it  were  a  great 
circle,  it  might  be  taken  as  the  princijial  circle  for  a  system  of 
coiJrdinates  on  the  sky.  But  on  the  land  the  contour  of 
the  horizon  is  subject  to  the  numerous  irregularities  of  sur- 
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face,  and  on  the  sea  it  is  always  viewed  from  at  least  some 
small  altitude  above  the  surface  of  the  water.  For  this 
reason  it  is  called  the  sensible  horizon  to  distinguish  it  from 
the  astronomical  horizon,  which  will  be  defined  in  the  next 
paragraph. 

The  direction  defined  by  the  plumb  line  at  any  .place 
is  perfectly  definite.  The  point  where  the  plumb  line,  if 
extended  upward,  pierces  the  celestial  sphere  is  called  the 
zenith,  and  the  opposite  point  is  called  the  nadir.  These  two 
points  will  be  taken  as  poles  of  the  first  set  of  coordinates  in 
the  horizon  system,  and  the  horizon  is  defined  as  the  great 
circle  on  the  celestial  sphere  90°  from  the  zenith.  The  small 
circles  parallel  to  the  horizon  are  called  altitude  circles  or, 
sometimes,  alinucantars. 

The  second  .sot  of  circles  in  the  horizon  system  consists  of 
the  great  circles  which  pass  through  the  zenith  and  the 
nadir  and  cut  the  horizon  at  right  angles.  They  arc  called 
vertical  circles.  The  fuiidaniental  vertical  circle  from  which 
distances  along  the  horizon  arc  measured  is  that  one  which 

passes  through  the  pole  of 
the  sky;  that  is,  the  point 
where  the  axis  of  the  earth, 
prolonged,  cuts  the  celestial 
sphere,  and  it  is  called  the 
meridian. 

The  coordinates  of  a  point 

in  the  horizon  system  are  (a) 

the  angular  distance  above  or 

below  the  horizon,  which  is 

called  altitude,  and  (6)   the 

angular  distance  west  from 

the  south   point  along   the 

horizon  to  the  place  where  the  vertical  circle  through  the 

object  crosses  the  horizon.    This  is  called  the  azimuth  of 

the  object. 

In  Fig.  45,  0  represents  the  position  of  the  observer, 


Fio.  45.  —  The  horizon  system. 
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SWXE  his  horizon,  and  Z  his  zenith.  The  point  where  the 
earth's  axis  pierces  the  sky  is  perfectly  tiefinite  and  is  repre- 
sent<Hi  by  P  in  the  diagram.  The  vertical  circle  which  passes 
through  Z  and  P  is  the  incriiUan.  The  points  at  whii-h  tlie 
meridian  cuts  the  horizon  are  the  north  and  south  points. 
The  north  point,  for  positions  in  the  northern  hemisphere 
of  the  earth,  is  the  one  nearest  tlir  pole  P.  In  this  way  the 
cartiinai  points  are  uni(}uely  dofined. 

Consider  a  star  at  .1.  Its  iiltitude  is  BA,  which,  in  this 
caj^e,  is  alxjtit  40",  and  its  azimuth  is  SWNEB,  which,  in 
this  cose,  is  al>out  300°.  It  is,  of  course,  understood  that 
the  object  might  l)e  helow  the  horizon  anri  the  azimuth 
might  be  an^-thing  from  zero  to  360".  When  the  object  is 
above  the  horizon,  it.s  altitude  is  coasidered  as  being  positive, 
and  when  below,  as  being  negative. 

66.  The  Equator  System.  —  The  p<jles  of  the  sky  have 
b«*«'U  define*!  as  the  points  where  the  earth's  axis  prolonged 
intersect."  the  celestial  sphere.  It  might  be  supposed  at 
first  that  these  would  not  be  conspicuous  points  because  the 
earth's  axis  is  a  line  which  of  course  cannot  be  .seen.  But 
the  rotation  of  the  earth  eau.ses  an  apparent  motion  of 
the  stars  around  the  pole  of  the  sky.  Con.sequently,  an 
equally  good  definition  of  the  poles  is  that  they  are  the 
common  centers  of  the  diurnal  circles  of  the  stars.  That 
pole  which  is  visible  from  the  ])i)sition  of  an  observer  is  a 
point  no  less  <'onspicuous  than  the  zenith. 

The  celestial  e{|Untor  is  a  great  circle  90°  from  the  poles 
of  tlie  sky.  An  alternative  definition  is  that  the  celestial 
equator  is  the  great  circle  in  which  the  plane  of  the  earth's 
equator  intersects  the  celestial  sphere.  The  small  circles 
parallel  to  the  celi>stial  equator  are  called  declination  circles. 

The  second  set  of  circles  in  the  equatorial  .sy.stem  con.sists 
of  those  which  pass  through  the  poles  and  are  peri>endicular 
to  the  celestial  equator.  Tliev  are  called  hour  circles.  The 
fundamental  hour  circle,  calleil  the  equinoctial  colure,  from 
which   all   others  are  measuretl,  is  that  one  which   passes 
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through  the  vernal  equinox,  that  is,  the  place  at  which  the 
sun  in  its  apparent  annual  motion  around  the  sky  crosses 
the  celestial  equator  from  south  to  north. 

The  coordinates  in  the  equator  system  are  (o)  the  angular 
distance  north  or  south  of  the  celestial  equator,  which  is  called 
declination,  and  (6)  the  angular  distance  eastward  from  the 
vernal  equinox  along  the  equator  to  the  point  where  the 
hour  circle  through  the  object  crosses  the  equator.  This 
distance  is  called  right  ascension.  The  direction  eastward  is 
defined  as  that  in  which  the  sun  moves  in  its  apparent 
motion  among  the  stars. 

In  Fig.  46,  let  0  represent  the  position  of  the  observer, 
NESW  his  horizon,  PNQ'SQ  his  meridian.    Suppose  the 

star  is  at  A  and  that  the  ver- 
nal equinox  is  at  V.  Then  the 
declination  of  the  star  is  the 
arc  CA  and  its  right  ascension 
is  VQC.  In  this  case  the  dec- 
J^lination  is  alwut  40°  and  the 
right  ascension  is  about  75°. 
It  is  not  customary  to  express 
tlie  right  ascension  in  degrees, 
hut  to  give  it  in  hours,  where 
an  hour  equals  15°.      In  the 

Fig.  40.  —  The  (-(lUMtor  .■i.\>k>ni.  .  ^t.         •    i.i 

present  case  the  right  ascen- 
sion of  .1  is,  therefore,  about  5  hours. 

It  is  easy  to  understand  why  it  is  convenient  to  count 
right  ascension  in  hours.  The  sky  has  an  apparent  motion 
westward  because  of  the  earth's  actual  rotation  eastward, 
and  it  makes  a  complete  circuit  of  360°  in  24  hours.  There- 
fore it  appanMitly  moves  westward  15°  in  one  hour.  It 
follows  that  a  simple  method  of  finding  the  right  ascension 
of  an  ()l)ject  is  to  note  when  the  vernal  equinox  crosses  the 
meri<lian  and  to  measure  the  time  which  elapses  before  the 
object  is  observed  to  cross  the  meridian.  The  interval  of 
time  is  its  right  ascension  expressed  in  hours. 
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67.  The  Ecliptic  System.  —  The  third  system  which  is 
employed  in  astronomy,  but  much  le.ss  frequently  than  the 
other  two,  i.s  known  as  the  ecliptic  system  because  the  funda- 
meutal  circle  in  its  first  set  is  the  ecliptic.  The  ecliptic  is 
the  great  circle  on  the  celestial  sphere  traced  out  by  the  sun 
in  its  apparent  annual  motion  around  the  sky.  The  points 
on  the  celestial  sphere  90^  from  the  ecliptic  are  the  poles  of 
the  ecliptic.  The  small  circles  parallel  to  the  ecUptic  are 
called  parallels  of  latitude.  The  great  circles  which  cross 
the  ecliptic  at  right  angles  are  called  long^itiidc  circks. 

The  coordinates  in  the  ecliptic  system  are  the  angular  dis- 
tance north  or  south  of  the  wliptic,  which  is  calleil  latitude, 
aind  the  distance  eastward 
from  the  vernal  equinox  along 
the  e<*liptic  to  the  point  where 
the  longitude  circle  through 
the  object  intersects  the  eclip- 
tic, which  is  called  longitude. 

In  Fig.  47,  0  represents  the 
position  of  the  observer  and 
QEQ'W  the  celestial  equator. 
Suppose  that  at  the  time  in 
question  the  vernal  equinox  is 
ftt  V  and  that  the  autumnal 
equinox  is  at  A.  Then,  since  the  angle  between  the  ecliptic 
and  the  equator  is  2^°.b,  the  pfwition  of  the  ecliptic  is 
AX'VX 

68.  Comparison  of  the  Systems  of  Coordinates.  —  All 
three  of  the  systems  of  coordinates  are  geometrically  Uke  the 
one  used  in  geography;  but  there  arc  important  differences 
in  tiie  way  in  which  they  arise  and  in  the  purposes  for  which 
their  use  is  convenient. 

The  horizon  system  depends  upon  the  position  of  the 
observer  and  the  direction  of  his  plunih  line.  It  always 
has  the  same  relation  to  him,  and  if  he  travels  he  takes  it 
with  him.     The  equator  system  is  defined  by  the  apparent 


Fiu.  47.  — The  ecliptic  sj-stem. 
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rotation  of  the  sky,  which  is  due,  of  course,  to  the  actual 
rotation  of  the  earth,  and  it  is  altogether  independent  of 
the  position  of  the  observer.  The  ecliptic  system  is  defined 
by  the  apparent  motion  of  the  sun  around  the  sky  and  also 
is  independent  of  the  position  of  the  observer. 

Since  the  horizon  system  depends  upon  the  position  of 
the  observer,  the  altitude  and  azimuth  of  an  object  do  not 
really  locate  it  unless  the  place  of  the  observer  is  pven. 
Since  the  stars  have  diurnal  motions  across  the  sky,  the  time 
of  day  must  also  be  pven  ;  and  since  diflferent  stars  cross  the 
meridian  at  different  times  on  succeeding  days,  it  follows 
that  the  day  of  the  year  must  also  be  given.  The  incon- 
venience of  the  horizon  system  arises  from  the  fact  that  its 
circles  are  not  fixed  on  the  sky.  Yet  it  is  important  for  the 
observer  because  the  horizon  is  approximately  the  boundary 
which  separates  the  visible  from  the  invisible  portion  of 
the  sky. 

In  the  equator  system  the  reference  points  and  lines  are 
fixed  with  respect  to  the  stars.  This  statement,  however, 
requires  two  slight  corrections.  In  the  first  place,  the 
earth's  equator,  and  therefore  the  celestial  equator,  is  subject 
to  precession  (Art.  47).  In  the  second  place,  the  stars  have 
very  small  motions  with  reference  to  one  another  which 
become  apijreciable  in  work  of  extreme  precision,  generally 
in  the  course  of  a  few  years.  But  in  the  present  connection 
these  motions  will  be  negUnited  and  the  equator  coordinates 
will  be  considered  as  being  ab.solutcly  fixed  with  respect 
to  the  stars.  With  this  understanding  the  apparent  position 
of  an  object  is  fully  defined  if  its  right  ascension  and  declina- 
tion are  given.  The  reference  points  and  lines  of  the  ecliptic 
sy.stem  also  have  the  desirable  quality  of  being  fixed  with 
respect  to  the  stars. 

From  what  has  been  said  it  might  be  inferred  that  the 
equator  and  ecliptic  systems  are  equally  convenient,  but 
such  is  by  no  means  the  case.  The  equator  always  crosses 
the  meridian  at  an  altitude  which  is  equal  to  90°  minus  the 


ca.  IV.  68)     REFERENCE   POINTS  AND   LINES 


129 


latitude  of  the  observer  (Art.  57)  and  always  passes  through 
the  east  nnd  west  jwints  of  the  fiorizon.  Consequently,  all 
objwt-*'  having  the  same  decliniititdi  cross  the  meridian  at  the 
same  altitude.  SupiK)se,  for  exanii)li',  thut  the  observer  is  in 
Uititude  40'  north.  Then  tlie  «(uat()r  crosses  his  meridian 
at  an  altitude  of  .50".  If  he  observes  that  a  star  cros.ses 
the  meridian  at  an  altitude  nf  60°,  he  know.s  that  it  is  10° 
north  of  the  eelestial  efjuator,  or  that  its  deelination  is  10°; 
and  by  noting  the  time  that  hits  elapsed  froiri  the  time  of 
the  pa&sage  of  the  vernal  equinox  across  the  meridian  to  the 
passage  of  the  star,  he  has  its  rifiht  Hsc(>iisif>n.  Nnthing 
could  Ih'  mmpler  than  getting  the  ewjrdinates  of  an  object  in 
the  equator  sj-stem. 

Now  eonsider  the  erlii)tic  .system.     Suppose  I',  in  Fig.  48, 
represents  the  position  of  the  vernal  eipiiiuix  on  a  certain 


Fio.  4*.  Fiu.  49. 

Equntor  and  elliptic. 

"Hate  and  time  of  day.  Then  the  pole  of  the  ecliptic  .Vl'.Y'A 
is  at  H  and  the  ecliptic  crosse-s  the  meridian  Ijelow  the 
equator.  In  this  case  the  star  might  have  north  celestial 
latjtuile  and  Ix-  on  the  nicndiaii  south  of  the  ef[uat(>r.  Twelve 
hours  later  I  he  vernal  ecpiitiox  lia.s  apjiarently  rotated  west- 
ward with  the  Bky  to  the  jjoiiii  V,  Fig.  49.  The  pole  of  the 
ecliptic  ha.s  gone  around  the  pole  P  to  the  point  /?,  ;ind  the 
ecliptic  crosses  the  meridian   north  of  the  equator.     It  is 

K 
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clear  from  Figs.  48  and  49  that  the  position  of  the  ecliptic 
with  respect  to  the  horizon  system  changes  continually  with 
the  apparent  rotation  of  the  sky.  It  follows  that  for  most 
purposes  the  ecliptic  system  is  not  convenient.  Its  use 
in  astronomy  is  limited  almost  entirely  to  describing  the 
position  of  the  sun,  which  is  always  on  the  ecliptic,  and 
the  positions  of  the  moon  and  planets,  which  are  always 
near  it.  ^^L.. 

69.  Finding  the  Altitude  and  Azimuth  when  the  Rij^t 
Ascension,  Declination,  and  Time  are  Given.  —  Suppose 
the  right  ascension  and  declination  of  a  star  are  given  and 
that  its  altitude  and  azimuth  are  desired.  It  is  necessary 
also  to  have  given  the  latitude  of  the  observer,  the  time  of 
day,  and  the  time  of  year,  because  the  altitude  and  azimuth 
depend  on  those  quantities.  Most  of  the  difficulty  of  the 
problem  arises  from  the  fact  that  the  vernal  equinox  has  a 
diurnal  motion  around  the  sky  and  that  it  is  a  point  which 
is  not  easily  located.  By  computing  the  right  ascension  of 
the  sun  at  the  date  in  question,  direct  use  of  the  vernal 
equinox  may  be  avoided.  It  has  been  found  convenient  to 
solve  the  problem  in  four  distinct  steps. 

Step  I .  The  right  ascensioi)  of  the  sun  on  the  date  in  question. 
—  It  has  been  found  by  observation  that  the  sun  passes 
the  vernal  equinox  March  21.  (The  date  may  vary  a  day 
because  of  the  leap  year,  but  it  will  be  sufficiently  accurate 
for  the  present  purposes  to  use  March  21  for  all  cases.)  In 
a  year  the  sun  moves  around  the  sky  24  hours  in  right  ascen- 
sion, or  at  the  rate  of  two  hours  a  month.  Although  the 
rate  of  apparent  motion  of  the  sun  is  not  perfectly  uniform, 
the  variations  from  it  are  small  and  will  be  neglected  in  the 
present  connection.  It  follows  from  these  facts-  that  the 
right  ascension  of  the  sun  on  any  date  may  be  found  by 
counting  the  number  of  months  from  March  21  to  the  date 
in  question  and  multiplying  the  result  by  two.  For  ex- 
ample, October  G  is  6.5  months  from  March  21,  and  the 
right  ascension  of  the  sun  on  this  date  is,  therefore,  13  hours. 
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Step  3.  The  right  ascerudon  of  the  meridian  at  the  given 
time  of  day  on  the  date  in  question.  —  Suppose  the  light 
ascension  of  the  sun  has  been  determined  by  Step  1.  Since 
the  sun  moves  3t>0°  in  365  days,  or  only  one  degree  per  day, 
its  motion  during  one  day  may  be  neglected.  Suppose,  for 
example,  that  it  i.s  8  o'clock  at  night.  Then  the  sun  is  8 
hours  west  of  the  meridian  at 
the  position  indicated  in  Fig. 
50.  Since  right  ascension  is 
counted  eastward  and  the  right 
ascension  of  the  sun  is  known, 
the  right  ascension  of  Q  may 
be  found  by  adding  the  num- 
ber of  hours  from  the  sun  toQ 
to  the  right  ascension  of  the 
sun.  If  the  right  ascension  of 
the  sun  is  13  hours  and  the 
time  of  the  day  is  8  p.m.,  (he 
right  ascension  of  the  meridian 
18  13  -f  8  =  21  hours.  The  general  rule  is,  the  right  ascension 
of  the  meridian  is  oljtin'ncd  Ijy  adding'tu  Ihe  light  ascension 
of  the  sun  the  number  of  hours  after  ntxm. 

Step  3.  The  hour  angle  of  the  nbject.  —  Wherever  the  object 
may  be,  a  certain  hour  circle  pa.s.ses  through  it  and  crosses 
the  equator  at  some  point.  The  distance  from  the  meridian 
along  the  equator  to  this  point  is  called  the  hour  angle  of 
the  object.  The  hour  angle  i.s  counti'd  either  east  or  west 
as  may  be  necessary  in  order  I  hut  the  resulting  number 
shall  not  exceed  12. 

Suppose  the  right  ascension  of  the  meridian  has  been 
found  by  Step  2.  The  hour  angle  of  the  star  is  the  differenee 
between  its  right  a-scensicyn.  wliich  is  one  of  the  tiiiantities 
given  in  the  problem,  and  the  right  ascension  of  the  meridian. 
If  the  right  ascension  of  the  star  is  greater  than  that  of  the 
meridian,  its  hour  angle  is  east,  and  if  it  is  less  than  that  of  the 
meridian,  its  hour  angle  is  west.     There  is  one  case  which, 


50.  —  The   right   ascension   of 
thv  nifridisn. 
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in  a  way,  is  an  exception  to  this  statement.  Suppose  the 
right  ascension  of  the  meridian  is  22  liours  and  the  right 
ascension  of  the  star  is  2  houre.  According  to  the  rule  the 
star  is  20  hours  west,  which,  of  course,  is  the  same  as  4  hours 
east.  But  its  right  ascension  of  2  hours  may  be  considered 
as  being  a  right  ascension  of  26  hours,  just  as  2  o'clock  in  the 
afternoon  can  be  equally  well  called  14  o'clock.  When  its 
right  ascension  is  called  26  hours,  the  rule  leads  directly  to 
the  result  that  the  <hour  angle  is  4  hours  east. 

Step  4-  Application  of  the  declination  and  estimation  of 
the  altitude  and  azimuth.  —  In  order  to  make  the  last  step 
clear,  consider  a  special  example.    Suppose  the  hour  angle 

of  the  object  has  been  found 
by  Step  3  to  be  7  hours  east. 
This  locates  the  point  C,  Fig. 
51.  Therefore  the  star  is 
somewhere  on  the  hour  circle 
PCP'.  The  given  declina- 
tion determines  where  the 
star  is  on  the  circle.  Sup- 
pose, for  example,  that  the 
ol)jpct  is  35°  north.  In  order 
to  locate  it,  it  is  only  neces- 
sary to  mejusure  off  35** 
from  C  along  the  circle  CP. 
Hence  the  star  is  at  A. 
Now  draw  a  vertical  circle  from  Z  through  A  to  the  horizon 
at  B.  The  altitude  is  BA  and  the  azimuth  is  SWNB. 
These  distances  can  be  computed  by  spherical  trigonometry, 
but  they  may  be  estimated  closely  enough  for  present 
purposes.  In  this  problem  the  altitude  is  about  12°  and  the 
azimuth  is  about  230°.  \Vhiitev(T  the  data  may  be  which 
are  supplied  by  the  problem,  the  nu'tlu)d  of  procedure  is 
alwaj's  that  which  has  been  given  in  the  present  case. 

70.  Illustrative  Example  for  Finding  Altitude  and 
Azimuth.  —  In  order  to  illustrate  fully  the  processes  that 


Fio.  51.  —  Applicution  of  the  doclinu- 
tiou  ill  findiiiK  the  petition  of  ii  .ttiir. 
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KintliiiK  the  altitude  sod 
iizimiitli. 


have  been  explained  in  Art.  69,  an  actual  problem  will  be 
solviHJ.  Suppose  the  observer  is  in  latitude  40°  north.  The 
altitude  of  the  pole  P,  Fig.  52,  as  seen  from  his  position,  will 
l)e  40°,  anil  the  point  Q,  where  the  equator  crosses  the 
meridian,  will  have  an  alti- 
tude of  50°.  Suppose  the  date 
on  which  the  observation  is 
nuide  is  June  21  and  the  time 
of  day  is  8  p.m.  Suppo.se  the 
right  ascension  of  the  star  in 
question  is  approximately  16 
hours  and  tliat  its  declination 
is  —  16°.  The  pruhlem  is  to 
find  its  apparent  altitude  and 
azimuth. 

The  steps  of  the  solution  Fro.  62. 
will  l>e  made  in  their  natural 
order.  (1)  Since  June  21  is  three  months  after  Marcli  21, 
the  right  ascension  of  the  sun  on  that  date  is  6  hours. 
(2)  Since  the  time  of  day  is  8  p.m.,  and  the  right  ascension  is 
counted  eastward,  the  right  ascension  of  the  meridian  is 
6  +  8  =14.  hours.  (3)  Since  the  right  ascension  of  (he  star 
is  \p  hours,  its  hour  angle  is  2  hours  east,  and  it  is  on  the 
hour  circle  PCP'.  (4)  Since  its  declination  is  —16°,  it  is 
16°  south  from  C  toward  P'  and  at  the  point  .1.  Now  draw 
a  vertical  circle  from  Z  through  A,  cutting  the  horizon  at  B. 
The  altitude  is  BA,  which  is  about  22°.  The  azimuth  is 
SWNEB,  which  is  about  320°. 

71.  Finding  the  Right  Ascension  and  Declination  when 
the  Altitude  and  Azimuth  are  Given.  —  The  problem  of 
finding  the  right  ascension  and  iledination  when  the  altitude 
and  azimuth  are  given  is  the  convei-se  of  that  treated  in 
Art.  69.     It  can  al.so  be  conveniently  solved  in  four  steps. 

In  the  first  step,  the  right  ascension  of  the  sun  is  olitiiinod, 
and  in  the  second,  the  right  ascension  of  the  meridian  is 
found.    These  steps  are,  of  course,  the  same  as  those  given 
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ill  Art.  09.  The  third  step  is  to  draw  through  the  position 
(»f  the  given  object  an  hour  circle  which,  from  its  defini- 
tion, reaches  from  one  pole  of  the  sky  to  the  other  and  cuts 
tlic  e(iuator  at  right  angles.  The  fourth  step  is  to  estimate 
till'  hour  angle  of  the  hour  circle  drawn  in  Step  3  and  the 
tliHtance  of  the  star  from  the  equator  measured  along  the 
hour  circle.  Then  the  right  ascension  of  the  object  is  equal 
to  tlu!  right  ascension  of  the  meridian  plus  the  hour  angle 
of  tlu;  object  if  it  is- east,  and  minus  the  hour  angle  if  it  is 
wi'Ht ;  and  the  dccUnation  of  the  object  is  simply  its  distance 
from  the  ecjuator. 

72.  Illustrative  Example  for  Finding  Right  Ascension 
find  Declination.  —  Suppose  the  date  of  the  observation  is 
May  6  antl  that  the  time  of  day  is  8  p.m.  Suppose  the 
obHerv(!r's  latitude  is  40°  north.  Suppose  he  sees  a  bright 
Mtar  whose  altitude  is  estimated  to  be  35°  and  whose  azimuth 

is  estimated  to  be  60".  Its 
right  ascension  and  declination 
are  required,  and  after  they 
have  been  obtained  it  can  be 
found  from  Table  I,  p.  144, 
what  star  is  observed. 

The  right  ascension  of  the 
sun  on  May  6  is  3  hours  and 
the  right  ascension  of  the  me- 
ridian at  8  P.M.  is  11  hours. 
The  star  then  is  at  the  point 
A,  Fig.  53,  where  BA  =35° 
and  SB  =  60°.  The  part  of 
the  vertical  circle  BA  is  much 
less  foreshortened  than  AZ  by  the  projection  of  the  celestial 
iiphcre  on  a  plane,  and  this  fact  must  be  remembered  in 
connection  with  the  (hawing.  The  hour  circle  PAP'  cuts 
the  equator  at  the  point  C.  The  arc  QC  is  much  more  fore- 
nhortened  by  projection  than  CW.  Consequently,  it  is  seen 
that  the  hour  angle  of  the  star  is  3.5  hours  west.    Therefore 


I'"lii.  63.  —  Finding  the  right  asccn- 
Bion  and  declination. 
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it«  right  aRcension  is  11—3.5=7..')  hours  approximately. 
It  is  aLso  seen  thai  the  star  is  approximately  5°  north  of  the 
equator.  On  referring  to  Table  I,  it  i.s  found  that  this  star 
must  be  Procyon. 

All  problems  of  the  same  ela.^s  can  be  solver!  in  a  similar 
manner.  But  reliance  should  not  lie  placed  in  the  diagrams 
alone,  especially  becau.se  of  the  distortion  to  which  certain 
of  the  lines  are  subject.  The  diagrams  .should  lie  supple- 
mented, if  not  replaced,  by  actiiiilly  pointing  out  on  the 
sky  the  various  points  and  lines  whicli  are  used.  A  little 
practice  with  this  method  will  enable  one  to  solve  either 
the  problem  of  finding  the  altitude  and  a^.inuith,  or  that 
of  obtaining  the  right  ascension  and  declination,  with  an 
error  not  exceeding  ;>°  or  iO". 

73.   Other  Problems  Coimected  with  Position.  —  There 
are  two  other  i>rnlilcins  of  sonic  importance  which  naturally 
se.    The  fii"st  is  that  of  finding  the  titne  of  the  year  at 

hich  a  star  of  given  right  ascension  will  be  on  the  meridian 
at  a  time  in  the  evening  convenient  for  observation. 

In  order  to  make  the  i)roblem  concrete,  suppose  the  time 
in  question  is  8  p.m.  The  right  ascension  of  the  sun  is  then 
8  hours  less  than  the  right  a,seension  of  the  meridian.  Since 
the  object  is  supposed  to  be  on  the  meridian,  the  right  ascen- 
sion of  the  sun  will  be  8  hours  less  than  that  of  the  object. 
To  find  the  time  of  the  year  at  which  the  sun  has  a  given 
right  ascension,  it  is  only  necessarj'  to  count  forward  from 
March  21  two  hours  for  each  month.  For  example,  if  the 
object  is  Arcturus,  whose  right  ascension  is  14  hours,  the 
right  ascension  of  the  sun  is  14  —  8  =  6  hours,  and  the  date 
is  Jime  21. 

The  second  problem  is  that  of  finding  the  time  of  day 
at  which  an  object  whose  right  ascension  is  given  will  be  on 
the  meridian  or  horizon  on  a  given  date.  A  problem  of  this 
character  will  naturally  arise  in  connection  with  the 
announcement  of  the  discovery  of  a  comet  or  some  other 
object  who,se  appearance  in  a  given  position  would  be  con- 
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*-v"ji'US  only  for  a  short  time.  This  problem  is  solved  by 
--V-  finding  the  right  ascension  of  the  sun  on  the  date,  and 
-"•K-a  taking  the  difference  between  this  result  and  the  right 
j.^'ension  of  the  object.  This  gives  the  hour  angle  of  the 
<an  at  the  required  time.  If  the  sun  is  west  of  the  meridian, 
it*  hour  angle  is  the  time  of  day ;  if  it  is  east  of  the  meridian, 
iw  hour  angle  is  the  number  of  hours  before  noon. 

VII.  QUESTIONS 

1  Make  a  tablo  showinjr  tlu-  correspondences  of  the  points, 
oin^Ies,  and  coordinates  of  tlu'  horizon,  equator,  and  ecliptic  systems 
with  those  of  the  gt>opr«pliieal  system. 

o  What  are  the  altitude  and  azimuth  of  the  zenith,  the  east 
noint.  the  north  pole?  Wluit  are  tlie  angrular  distances  from  the 
wnith  to  thi'  !•*''*'  *"''  *"  ""'  ''^'"'  ^'ht'ro  the  equator  crosses  the 
nH^ridian  in  terms  of  tlie  latitude  /  of  the  observer? 

3.  Estimate  the  luni/.oii  eoiirdinates  of  tlie  sun  at  10  o'clock  this 
BiorninK:  at  10  ..eloek  this  <'V(-ninB. 

4,  IVseriN'  the  et>n\plet<'  diurnal  motions  of  stars  near  the  pole. 
What  P»Tl  of  the  sk.v  for  an  observer  in  latitude  40°  is  always  above 
ihe  horizon ?    .M« !i\  s  Im'Iow  1  lie  horizon  ? 

.V  llow  louK  is  n(iuin'(l  for  the  sky  apparently  to  turn  1"? 
Thnniith  what  iiiiRle  does  it  apparently  turn  in  1  minute? 

,j  .\rt>  then"  positions  on  the  earth  from  which  the  diurnal 
n«oli«>"*  *'f  ''"'  "'"'"■'*  ""'  "'""K  parallels  of  altitude?  Along  vertical 
rtn'les? 

J.  Pevelop  II  rule  for  finding  the  hour  angle  of  the  vernal 
„i„,>x  on  «ii.\  date  at  any  time  of  day. 

«(.  Kind  tlii>  altitude  and  azimuth  of  the  vernal  equinox  at 
9  .»,v.  todll.N  • 

\l  linen  :  Ut.  use.   ■  19  lirs.,  declination  =  +  20°,  date  -July  21, 

Unw  -  '"^  '''^''  ■  "'"'  ''"'  "''iluil*^  ''"(^  azimuth. 

^   Kiiul  the  iiltitiide  and  the  azimuth  (constructing  a  diagram) 
,vr(<«i'lt  "f ''""  ^' "'■■'*  niveii  in  Table  I,  p.  144,  at  8  p.m.  to-day. 
/\\,   If  a  "liir  whose  ri^ht  ascension  is  18  hours  is  on  the  meridian 
l|)(|i.M  ,  nliitl  is  the  date? 

"  ly,    M   wbiil   lime  of  the  day  is  a  star  whose  right  ascension  is 
U  lioui"  on  I  lie  meridian  on  May  21  ? 

121     Vi  « liiit  lime  of  the  ilay  d<x's  a  comet  whoso  right  ascension 
|ll4  Itoui'i  iiiul  di>eliimtion  is  zero  rise  on  Sept.  21  ? 

14.   'I'lie  Kimnid  nu>teors  have  their  radiant  at  right  ascension 
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10  hours  amd  they  appear  on  Nov.  14.    At  what  time  of  the  night 
are  they  visible  ? 

15.  What  is  the  right  ascension  of  the  point  on  the  celestial  sphere 
toward  which  the  earth  is  moving  on  June  21  ? 

16.  What  are  the  altitude  and  azimuth  of  the  point  toward  which 
the  earth  is  moving  to-day  at  noon?  At  6  p.m.?  At  midnight? 
At  6  A.1I.  ? 

17.  Observe  some  conspicuous  star  (avoid  the  planets),  estimate 
its  altitude  and  azimuth,  approximately  determine  its  right  ascen- 
sion and  declination  (Art.  71),  and  with  these  data  identify  it  in 
Table  I,  p.  144. 


^, 


CHAPTER   V 


THE   CONSTELLATIONS 

74.  Origin  of  the  Constellations.  —  A  moment's  obser- 
vation of  the  sky  on  a  dear  and  moonle.«.'<  night  shows  that 
the  stars  are  not  scattered  unifortniy  over  its  surface.  Every 
one  is  acquainted  with  .such  grnups  a.s  the  Rig  Dipper  and 
the  Pleiade.s.  This  natural  grniiping  of  tiie  stars  was  olv 
ser\'ed  in  prehistoric  times  l\y  primitive  and  childlike  peoples 
,  who  imagined  the  stars  formed  outlines  of  various  living 
^ft  creatures,  and  who  often  wove  about  them  the  most  fantastic 
^  romances. 

The  earliest  list  of  con.stellations,  still  in  existence,  is  that 
of  Ptolemy  (about  140   a.d.),  who   enumerated,  described, 

Innd  located  48  of  them.  The.se  constellations  not  only  did 
not  entirely  cover  the  part  of  the  sky  visilde  from  .Alexandria, 
where  Ptolemy  lived,  but  they  did  not  even  occupy  all  of 
the  northern  skj'.  In  order  to  fiil  the  gaps  and  to  cover  the 
(southern  sky  many  other  constellations  were  added  from 
time  to  time,  though  some  of  them  have  now  been  aban- 

Idoned.  The  li.sts  of  Argelander  (17ftfl-l875)  in  the  northern 
heavens,  and  the  more  recent  ones  of  Gould  in  the  .southern 
heavens,  contain  80  constellations,  and  these  are  the  ones 
now  generallv  re<'ognized. 

76.   Naming    the    Stars.  —  The    ancients    gave    proper 
[names  to  many  of  the  stars,  and  identified  the  others  by 
[describing  their  relations  to  the  anatomy  of  the  fictitious 
[creatures  in  which  they  were  situated.     For  example,  there 
were  Sirius,   Altair,   Vega,   etc.,   with    proper  names,   and 
I"  The  Star  at  the  End  of  the  Tail  of  the  Little  Bear  "(Po- 
ns), "  The  Star  in  the  Eye  of  the  Bull  "  (Aldcbaran),  etc., 
by  their  positions. 
139 
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In  mocicrn  times  the  names  of  40  or  50  of  the  most  con- 
ppicuouH  stars  are  frequently  used  by  astronomei^s  and 
writers  on  astronomy ;  the  remainder  are  designated  by 
letters  and  numbers.  A  system  in  very  common  use,  that 
introduced  by  Bayer  in  1603,  is  to  give  to  the  stars  in  each 
constellation,  in  the  order  of  their  brightness,  the  names  of 
the  letters  of  the  Greek  ali>l)abet  in  their  natural  order. 
In  connection  with  the  Greek  letters,  the  genitive  of  the  name 
of  the  constellation  is  used.  For  example,  the  brightest 
star  in  the  whole  sky  is  Sinus,  in  Canis  Major.  Its  name 
according  to  the  system  of  Bayer  is  Alpha  Canis  Majoris. 
The  second  brightest  star  in  Perseus,  whose  common  name 


efSILON^ 


OCLTA   ^ 


QAMM*  -^  AtP<>* 


Fia.  65.  —  The  Big  Dipper  and  the  Polo  Star. 


is  Algol,  in  this  system  is  called  Beta  Persei.  After  the 
Greek  tetters  are  exhaustetl  the  Roman  letters  are  used,  and 
then  follow  numbers  for  the  stars  in  the  order  of  their  briglit- 
ness.  While  this  is  the  general  rule,  there  are  numerous 
exceptions  in  naming  the  stars,  for  example,  in  the  case  of 
the  stars  which  constitute  the  Big  Dipper  (Fig.  55). 

Alxjut  1700,  Flamsteed  publishe<^l  a  catalogue  of  stars  in 
which  he  numbered  those  in  each  constellation  according  to 
their  right  ascensions  regardless  of  their  brightness.  In 
modem  catalogues  the  stars  are  usually  given  in  the  order 
of  their  right  ascension  and  no  reference  is  made  either  to  the 
constellation  to  which  they  belong  or  to  their  apparent 
brightness. 
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76.  Star  Catalogues.  —  Star  catalogues  are  lists  of  stars, 
usualiy  all  alx)ve  a  given  brightness,  in  certain  parts  of  the 
sky,  together  with  their  right  ascensions  and  declinations  on 
a  given  date.  It  is  necessary  to  give  the  date,  for  the  stars 
slowly  move  with  respect  to  onf  another,  and  the  reference 
points  and  Unes  to  which  their  jwsitions  are  referred  are  not 
absolutely  fixed.  The  most  important  variation  in  the  ix)si- 
tion  of  the  reference  points  and  lines  is  duo  to  the  precession 
of  the  equinoxes  (Art.  47). 

The  cirhest  known  star  catalogue  is  one  of  1080  stars  by 
Hipparchus  for  the  epoch  125  b.c.  Ptolemy  reviswi  it  and 
rtnluced  the  stiu-  place*  to  the  epoch  1.50  .\.D.  Tyciio  lirahe 
made  a  catalogue  of  1005  stars  in  1580,  about  'SO  years  be- 
fore the  invention  of  the  telescope.  Since  the  invention  of 
the  telescope  and  the  revival  of  science  in  Europe,  numerous 
catalogues  have  been  made,  containing  in  some  c!u<es  more 
than  100.000  stars.  While  the  positions  in  all  these  cata- 
logues are  very  accurately  given,  compared  even  to  the 
work  of  Tycho  Brahe,  they  are  not  accurate  enough  for 
certain  of  the  most  refined  work  in  modern  times.  To  meet 
these  needs,  a  number  of  catalogues,  containing  a  limited 
number  of  stars  whose  po.sitions  have  been  determined 
with  the  very  greatest  accuracy,  have  been  made.  The 
most  accurate  of  these  is  the  Preliminary  General  Catalogue 
of  Boss,  in  which  the  positions  of  0188  stars  are  given. 

A  project  for  photographing  the  whole  heavens  by  in- 
ternational cooperation  was  formulated  at  Paris  in  1887. 
The  plan  provided  that  each  ]>iatc  shouki  cover  4  square 
degrees  of  the  sky,  and  that  they  should  overlap  so  that  the 
whole  sky  would  be  photographed  twice.  The  number  of 
plates  required,  therefore,  is  nearly  22,0tX).  On  every  plate 
a  number  of  stars  are  photographed  whose  jwsitions  are 
already  known  from  direct  nbsorvatinns.  The  positions  of 
the  other  stars  on  the  plate  can  then  bo  dot<"rminod  by  mea.s- 
uring  with  a  suitable  machine  thoir  distances  and  direc- 
tions from  the  known  stars.     This  work  can,  of  course,  be 
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carried  out  at  leisure  in  an  a.stronomical  laboratory.  On 
these  plates,  most  of  which  have  already  been  secured,  there 
will  be  shown  in  all  about  8,000,000  different  stars.  In  the 
first  catalogue  base<l  on  them  only  about  1,300,000  of  the 
brightest  stars  will  Ix;  given. 

The  photographic  catalogue  was  an  indirect  outgrowth 
of  photographs  of  the  great  comet  of  1882  taken  by  Gill 
at  the  Cape  of  Good  Hope.  The  number  of  star  images 
obtained  on  his  plates  at  once  showetl  the  possibilities  of 
making  catalogues  of  stars  by  the  photographic  method. 
In  1889  he  secured  photographs  of  the  whole  southern  sky 
from  declination  —  19°  south,  and  the  enormous  labor  of 
measuring  the  {wsilions  of  the  350,000  star  images  on  these 
plates  was  carried  out  by  Kapteyn,  of  Groningen,  Holland. 

77.  The  Magnitudes  of  the  Stars.  —  The  magnitude  of 
a  star  depends  upon  the  amount  of  light  received  from  it 
by  the  earth,  and  is  not  determined  altogether  by  the  amount 
of  light  it  radiates,  for  a  small  star  near  the  earth  might 
give  the  oljserver  more  light  than  a  much  larger  one  farther 
away.  It  is  clear  from  this  fact  that  the  magnitude  of  a 
star  depemls  upon  its  actual  brightness  and  also  upon  its 
distance  from  the  observer. 

The  stars  which  are  visible  to  the  unaided  eye  are  divided 
arbitrarily  into  6  groups,  or  magnitudes,  depending  upon 
their  apparent  brightness.  The  20  brightest  stars  con- 
stitute the  first -magnitude  group,  and  the  faintest  stars 
which  can  be  seen  by  the  ordinary  eye  on  a  clear  night  are 
of  the  sixth  magnitude,  the  other  four  magnitudes  being  dis- 
tributed between  them  so  that  the  ratio  of  the  brightness 
of  one  group  to  that  of  the  next  is  the  same  for  all  consecu- 
tive magnitude.  The  definition  of  what  shall  be  exactly  the 
first  magnitude  is  somewhat  arbitrary ;  but  a  first-magni- 
tude .star  has  been  taken  to  he  approximately  equal  to  the 
average  brightness  of  the  first  20  stars.  The  sixth-magni- 
tude stars  are  about  Yhf  '^^'^  bright  as  the  average  of  the  first 
group,  and,  in  order  to  make  the  ratio  from  one  magnitude 
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to  Uie  other  perfectly  definite,  it  has  been  agreed  that  the 
UThnical  sixth-magnitude  stars  s)i;i[l  be  those  whifh  are 
****^^y  rhi  '^  bright  as  the  technica]  tirst-magnitude  stars. 
The  problem  arises  of  finding  what  the  ratio  is  for  succes- 
sive magnitudes. 

Let  r  be  the  ratio  of  hght  received  from  a  star  of  one 
magnitude  to  that  received  from  a  star  of  the  next  fainter 
magnitude.  Then  stars  of  the  fifth  magnitude  are  r  times 
brighter  than  those  of  the  sixth,  and  tliose  of  the  fourth  are 
r  times  brighter  than  those  of  the  fifth,  and  they  are  there- 
fore r'  times  brighter  than  tliose  of  the  sixtii.  By  a  repeti- 
tion of  this  process  it  is  found  that  the  first-magnitude  stars 
are  r*  times  brighter  than  those  of  the  sixtii  magnitude. 
Therefore  r*  =  KM),  from  whicli  it  is  found  ttiat  r  =  2.512.  .  .  . 

Since  the  amount  of  fight  received  from  difiVrent  stars 
varies  almost  continuou.sly  from  the  faintest  to  the  brightest, 
it  is  neoessarj'  to  introduce  fractional  niagiiituiles.  For 
example,  if  a  star  is  brighter  than  the  second  inagnituile  and 
fainter  than  the  first,  its  magnitude  is  between  1  and  2. 
A  step  of  one  tenth  of  a  magnitude  is  such  a  ratio  that, 
when  repeated  ten  times,  it  gives  the  value  2.512.  ...  It 
is  found  by  computation,  whicli  can  easily  be  carried  out  by 
logarithms,  that  a  first-magnitude  star  is  1.007  times  as 
bright  as  a  star  of  inagnitiide  1.1.  The  ratio  of  briglitness 
of  a  star  of  magnitude  1.1  to  that  of  a  star  of  1.2  is  like- 
wisi'  1.097:  and,  .consequently,  a  star  of  miignitmle  1  is 
1.0y7  X  1.097  =  1.202  times  as  bright  as  a  star  of  magni- 
tude 1.2. 

A  star  which  is  2.512  times  as  bright  as  a  first -magnitude 
etar  is  of  magnitude  0,  and  still  brighter  stars  have  negative 
magnitudes.  For  example.  Sinus,  the  brightest  star  in  the 
sky,  has  a  magnituiie  of  —  1.5S,  and  the  magnitude  of  the 
full  moon  on  the  same  system  is  al>out  —12,  while  that  of 
the  sun  is  —26.7. 

78.  The  First-magnitude  Stars.  —  As  first-magnitude 
stars  are  conspicuous  and  relatively  rare  objects,  they  serve 
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as  guideposts  in  the  study  of  the  constellations.  All  of 
those  which  are  visible  in  the  latitude  of  the  observer  should 
be  identified  and  learned.  They  vrill,  of  course,  be  recog- 
nized partly  by  their  relations  to  neighboring  stars. 

In  Table  I  the  first  column  contains  the  names  of  the  first- 
magnitude  stars;  the  second,  the  constellations  in  which 
they  are  found  ;  the  third,  their  magnitudes  according  to  the 
Harvard  determination;  the  fourth,  their  right  ascensions; 
the  fifth,  their  declinations ;  the  sixth,  the  dates  on  which 
they  cross  the  meridian  at  8  p.m.  ;  and  the  seventh,  the 
velocity  toward  or  from  the  earth  in  miles  per  second,  the 
negative  sign  indicating  approach  and  the  positive,  recession. 
Their  apparent  {positions  at  any  time  can  be  determined 
from  their  right  ascensions  and  declinations  by  the  principles 
explained  in  Art.  69. 

Table  I 


NAME 

Siritw  .     .     . 

1 

1  CONSTKLLATION 

1  f'aiiis  Major 

NUo- 

Nl- 
TUDR 

-1.0 

lilOHT  As 
C'KKSION 

Oh  41m 

Decu- 

1      NATION 

OmMe- 

BnUAN 
AT  8  P.U. 

Raoiai, 
Velocitt 

'-16° 

.36' 

Feb.  28 

-  5.6 

Ciiiiopus  .     . 

,  Carina 

-0.(1 

c. 

22 

1  -52 

39 

Feb.  23 

+  12.7 

Alpha 

1 

1 

(Viitauri    . 

1  ("eiitaunis 

0.1 

14 

.34 

1  -60 

29 

June  29 

-13.8 

VoRii    .     .     . 

!  Lyra     .     .     . 

0.1 

IK 

34 

+3S 

42 

Aug.  30 

-  8.6 

Cai)ella     .     . 

1  .Atiriwi       .     . 

0.2 

5 

10 

1+45 

55 

Feb.    6 

+  19.7 

Arcturus  .     . 

Hoiitcs       .     . 

0.2 

14 

12 

1  +19 

37 

Juuc  24 

-  2.4 

Riuel    .     .     . 

1  Orion    .     .     . 

0..i 

5 

11 

-   8 

17 

Feb.    6 

+  13.6 

Pnx'yoii    .     . 

Canis  Minor 

0.5 

7 

.35 

+  6 

26 

Mar.  14 

-  2.5 

Aclu-ruar  .     , 

'  F>i(ianiis  .     . 

o.ri 

I 

35 

-57 

40 

Dec.  16 

+10.0 

Beta 

C'ontauri    . 

'  (Vntaiinis 

O.-.l 

13 

5S 

1  -59 

58 

June  21 

T 

Ik'tolKeuzc 

Orion    . 

0.0 

6 

61 

1+  7 

24 

Feb.  15 

+13.0 

.\ltair  .     .     . 

.\quila       .      . 

1      0.!» 

19 

47 

1+  s 

39 

Sept.  19 

-20.6 

Alpliu  Cnicis 

Cmx     .      .      . 

1.1 

12 

22 

-62 

38 

May  29 

+  4.3 

AI(lol>araii 

Taurus      .     . 

1.1 

4 

31 

+  16 

21 

Jan.  26 

+34.2 

Pollux .     .     . 

(ioniini      .     . 

1    '•- 

7 

40 

+2.S 

14 

Mar.  16    +  2.4 

Spica    .     .     . 

,  Viriio    .     .     . 

1.2 

i:i 

21 

-10 

44 

June  12    +  1.2 

Aiitarcrt     .     . 

Scorpiu-*    . 

1.2 

Hi 

24 

-20 

15 

July  27  1  -   1.9 

Funiulluiut 

PiM-is 

1 

.\ustnilis     . 

i.:i 

22 

53 

-.30 

4 

Nov.  8  !  +  4.2 

DpiioI)  .     .     . 

f'yunus     .     . 

,     i.;{ 

20 

3<» 

+44 

59 

Oct.    4    -  2.5 

RvRUlllS     .      . 

1  Leo 

\:.i 

10 

4 

+  12 

23 

Apr.  23    -  6.0 
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79.  Number  of  Stars  in  the  First  Six  Magnitudes.  —  The 
number  of  stars  in  each  of  thf  first  six  magnitudes  is  given 
in  Table  II.     The  sum  of  the  numbers  is  5000. 

Table  II 


First  Magaitude  .     .    20 

Scoomi  Miitriiittide .     .     .    0.5 
Thinl  Magnitude    .     .     .  IflO 


Fourth  Magnitude.  .  .  42.5 
Fifth  Mnjrnilude  .  .  .1100 
Sixth  Maguitudc    .     .     .  3200 


There  are,  therefore,  in  the  whole  sky  only  about  5000  ?tars 
which  are  visible  to  the  uniiided  eye.  At  any  one  time 
only  half  the  sky  is  above  the  horizon,  and  those  stars  which 
are  near  the'liorizon  are  largely  extinguislied  by  tlie  al>sorp- 
tion  of  light  by  tlie  earths  atmosphere.  Therefore  one 
never  sees  at  one  time  more  than  about  2tXX)  stars,  although 
the  general  impression  is  that  they  are  countless. 

It  is  -^een  from  the  Table  II  that  the  numiier  of  stars  in 
each  mignitude  is  about  three  timt>s  as  great  as  the  number 
in  the  preceding  magnitude.  This  ratio  holds  ajjproxi- 
matrly  dovm  to  the  ninth  magnitude,  and  in  the  first  nine 
magnitudes  there  aie  in  all  nearly  200,0(10  .^tars.  Sines 
a  telescope  3  inches  in  aperture  will  show  objects  as  faint  as 
the  ninth  magnitude,  it  is  seen  what  enormous  aid  is  o\>- 
tained  from  optical  instruments.  Only  a  rough  guess  can 
be  made  respecting  the  number  of  stars  whirli  ;ire  slill 
fainter,  but  there  are  probalily  more  than  30<J,00O,00O  of 
them  within  the  range  of  present  visual  and  photographic 
instruments. 

80.  The  Motions  of  the  Stars.  —  The  stars  have  motions 
with  respect  to  one  another  which,  in  the  course  of  immense 
agtsH,  appreciably  change  the  outlines  of  the  constellations, 
but  wliich  have  not  made  imijortant  alterations  in  the  visilile 
sky  during  historic  times,  Nevertheless,  they  are  so  large 
that  they  must  be  taken  into  account  when  asing  star  cata- 
logues in  work  of  precision. 

L 
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One  result  of  the  motions  of  the  stars  is  that  they  drift 
with  respect  to  fixed  reference  points  and  lines.  The  yearly 
change  in  the  position  of  a  star  with  respect  to  fixed  reference 
points  and  lines  is  called  its  proper  motion.  The  largest 
known  proper  motion  is  that  of  an  eighth-magnitude  star 
in  the  southern  heavens,  whose  annual  displacement  on  the 
sky  is  a1x)ut  8.7  seconds  of  arc.  The  slight  extent  to  which 
the  proper  motions  of  the  stars  can  change  the  appearance 
of  the  constellations  is  shown  by  the  fact  that  even  this 
star,  whoso  proper  motion  is  more  than  100  times  the  average 
proper  motion  of  the  brighter  stars,  will  not  move  over  an 
apparent  distance  as  great  as  the  diameter  of  the  moon  in 
less  than  220  years. 

Another  component  of  the  motion  of  a  star  is  that  which  is 
in  the  line  joining  it  with  the  earth.  This  component  can 
be  measure*!  by  the  spectroscope  (Art.  222),  and  is  found 
to  range  all  the  way  from  a  velocity  of  approach  of  40  miles 
per  second  to  one  of  recession  with  the  same  speed ;  and 
in  some  cases  even  higher  velocities  are  encountered.  In 
the  course  of  immense  time  the  changes  in  the  distances  of 
the  stars  will  alter  their  magnitudes  appreciably;  but  the 
distances  of  the  stars  are  so  great  that  there  is  probably  no 
case  in  which  the  motion  of  a  star  toward  or  from  the  earth 
wU  sensibly  change  its  magnitude  in  20,000  years. 

81.  The  Milky  Way,  or  Galaxy.  — The  Milky  Way  is  a 
hazy  band  of  light  giving  indications  to  the  unaided  eye  of 
being  made  up  of  faint  stars ;  it  is  on  the  average  about  20** 
in  width  and  stretches  in  nearly  a  great  circle  entirely  around 
the  sky.  The  telescope  shows  that  it  is  made  up  of  millions 
of  small  stars  which  can  be  distinguished  separately  only 
with  optical  aid.  It  is  clear  that  because  of  its  irregular 
form  and  great  width  its  position  cannot  be  precisely  de- 
scribed, but  in  a  general  way  its  location  is  defined  by  the 
fact  that  it  intersects  the  celestial  equator  at  two  places 
whose  right  ascensions  are  approximately  6  hours  40  minutes 
and  18  hours  40  minutes,  and  it  has  an  inclination  to  the 


CB.  T,  82] 


THE  CONSTELLATIONS 


equator  of  about.  62°.  Or,  in  other  terms,  the  north  jwle 
of  the  Milky  Way  is  at  right  asi-etiMion  aliout  12  hours  40 
minutes  and  at  det^linatiou  about  +  28°.  For  a  long  di^^tance 
it  is  divided  more  or  less  completely  into  two  parts,  and  at 
one  place  in  the  southern  henvcns  it  is  cut  mtircly  across  by 
a  dark  streak.  A  very  interesting  feature  fur  observers  in 
northern  latitudes  is  a  singular  dark  region  north  of  the  star 
Deneb. 

82.  The  Constellations  and  Their  Positions.  —  The  work 
on  reference  points  and  lines  in  the  preceding  chapter  to- 
gether with  the  discu.s.sions  so  far  given  in  this  (■ha])fer  are 
sufficient  to  prepare  for  the  study  of  llie  coiistellatitms  with 
interest  and  profit,  and  the  student  should  not  stoj)  short 
of  an  actual  acquaintance  with  all  the  first-magnitude  stars 
and  the  principal  cunstell.atioas  that  are  visilile  in  his  latitude. 
Table  III  contains  a  list  of  the  constellations  and  gives  their 
positions.  The  numbers  at  the  top  show  the  degrees  of  dec- 
lination betwe<'n  which  the  constellations  lie,  the  numerals 
at  the  left  show  their  right  asceasioas,  and  the  numbers 
placed  in  connection  with  the  names  of  the  constellations 
give  the  numltcr  of  stars  in  them  which  are  ea.sily  visible  to 
the  unaided  eye.  The  coa'*tellations  which  He  on  the  ecliptic, 
or  the  so-calle<l  zodiacal  constellations,  are  jirintetl  in  italics. 

The  following  maps  show  the  constellations  from  the  north 
pole  to  -50°  declination.  When  Map  I  is  held  up  toward 
the  sky,  facing  north,  with  i(s  center  in  the  line  joining  the 
eye  with  the  north  pole,  and  with  the  hour  circle  having  the 
right  ascension  of  the  meridian  placed  directly  above 
its  center,  it  shows  the  circumpolar  constellations  in  their 
true  relations  to  one  another  and  to  the  horizon  and  pole. 
The  otlier  maps  are  to  be  used,  facing  .south,  with  their  cen- 
ters held  on  a  line  joining  the  eye  to  the  celestial  equator, 
and  with  the  hour  circle  having  the  right  ascension  of  the 
meridian  held  in  the  plane  of  the  eye  and  the  meridian. 
When  they  are  placed  in  this  way,  they  show  the  con.stellat  ions 
to  the  south  of  the  observer  in  their  true  relationships.     In 
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order  to  apply  the  maps  according  to  these  instructions,  it 
is  necessary  to  know  the  right  ascension  of  the  meridian  for 
the  day  and  hour  in  question,  and  it  can  be  computed  with 
sufficient  apprnxiiuiition  by  the  method  of  Art.  6i>. 

83.  Finding  the  Pole  Star.  ^  The  first  step  to  be  taken 
in  finding  the  constellations,  either  from  their  right  ascen- 
sions and  declinations  or  fron»  star  maps,  is  to  determine 
the  north-and-south  line,  It  is  defined  closely  enough  for 
present  purposes  by  the  position  of  the  pole  star. 

The  Big  Dipper  is  the  best  known  and  one  of  the  most 
conspicuous  groups  of  stars  in  the  northern  heavens.  It  is 
always  above  the 
HotiitOh  tor  an  ob- 
aerver  in  latitude 
40°nort^,  and,  be- 
cause  of  its  defi- 
nite shape,  it  can 
never  be  mistaken 
for  any  other  group 
of  stars.  It  is 
made  up  of  7  stars 
of  the  second  mag- 
nitude which  form  the  outlitje  of  a  great  dipper  in  the  sky. 
Figure  56  is  a  photograph  of  this  group  of  stars  distinctly 
showing  the  dipjKT.  The  stars  Alpha  and  Beta  arc  called 
The  Pointers  because  they  are  almost  directly  in  a  line  with 
the  pole  star  Polaris.  In  order  to  find  the  pole  star,  start  with 
Beta,  Fig.  55,  go  through  .\ipha,  and  continue  about  five 
times  the  distance  from  Beta  to  Alpha.  At  the  point  reached 
there  will  be  found  the  second-magnitude  .star  Polaris  with 
no  other  one  so  bright  anywliere  in  the  neighborhood. 

Beside*  defining  the  north-and-south  line  and  serving  as 
a  guide  for  a  study  of  the  constellations  in  the  northern 
heavens,  the  pole  star  is  an  interesting  object  in  several 
other  respects.  It  has  a  faint  companion  of  the  ninth  mag- 
nitude, distant  from  it  about   18.5  seconds  of  arc.    This 
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faint  coinjKuiioii  caiiiiot  be  seen  with  the  unaided  eye  be- 
cause, in  order  t  liat  two  stars  may  be  seen  as  separate  objects 
without  a  telescope,  they  must  be  (hstant  from  each  other 
at  least  3  minutes  of  arc,  and,  besides,  tlicy  must  not  be  too 
bright  or  too  faint.  The  brigliter  of  the  two  components  of 
Polaris  is  also  a  double  star,  a  fact  which  was  discovered  by  J 
means  of  the  spectroscope  in  1899.  Indeed,  it  has  turned 
out  on  more  recent  study  at  the  Lick  Observatory  that  the 
principal  star  of  this  system  is  really  a  triple  sun. 

84.  Units  for  Estimating  Angular  Distances.  —  The  dis- 
tances between  stars,  as  seen  projected  on  the  celestial 
sphere,  are  always  given  in  degrees.  There  is,  in  fact,  no 
definite  content  to  the  statement  that  two  stars  seem  to  be 
a  yard  apart.  In  order  to  estimate  angular  distances,  it  is 
important  to  have  a  few  units  of  known  length  which  can 
always  be  simi'ii. 

It  is  !(0°  from  the  horizon  to  the  zenith,  and  one  would 
suppose  that  it  would  be  a  simple  matter  to  estimate  half 
of  this  di^t■ance.  As  a  matter  of  fact,  few  people  place  the 
zenith  high  enough.  In  order  to  test  the  accuracy  with 
which  one  locates  it,  he  shouki  face  the  north  and  fix  hia 
attentifin  on  the  star  whirh  he  judges  to  be  iit  the  zenith, 
and  then,  keeping  it  in  view,  turn  slowly  around  until  he 
faces  the  south.     The  firet  trial  is  apt  to  furnish  a  surprise. 

The  altitude  of  the  pule  star  is  etiual  to  the  latitude  of 
the  observer  which,  in  the  United  States,  is  from  25°  to  50°. 
This  unit  is  not  so  satisfactory  as  some  others  because  it 
depends  uikim  the  position  of  the  observer  and  also  becausej 
it  is  more  difficult  to  estimate  from  the  horizon  to  a  star' 
than  it  is  between  two  stars.     Another  large  unit  which  can 
always  he  ohserve<l  from  nfvrthern  latitudes  is  the  di.sstance^ 
between    Alijha   Ursa?   Majoris   ami    Polaris,   which    is   28° 
For  a  smaller  unit  the  distance  between  The  Pointers  in  the 
Big  Dijjper,  which  is  ii°  20',  is  convenient. 

85.  Ursa  Major  (The  Greater  Bear).  —  The  Big  Dipper, 
to  which  reference  has  already  been  made,  and  which  is  one 


OB.  V,  85] 


THE   CONSTELU\TIONS 


I 


of  the  most  conspicuous  configurations  in  the  northern 
heavens,  is  in  the  eastern  part '  of  the  constellation  Ursa 
Major  and  serves  to  locate  the  position  of  this  coiistellation. 
The  outline  of  the  Bear  extends  nortli,  south,  and  west  of 
the  bowl  of  the  Dipper  for  more  than  10° ;  but  all  the  stars 
in  this  part_Q£jtie_sky  are  of  the  third  magnitude  or  fainter 

Acl'ording  to  the  Greek  iegcud,  Zeus  i/hanged  the  nj'mp, 
Callisto  into  a  bear  in  order  to  protect  her  from  the  jealousy 
of  his  wife  Hera.  While  the  transformed  C'allisto  was  wan- 
dering in  the  forest,  she  met  her  son  Areas,  who  was  about  to 
slay  her  when  Zeus  intervened  and  saved  her  by  placing  them 
both  among  the  stars,  where  they  became  the  (ireater  and 
the  Smaller  Bears.  Ilera  was  still  unsatisfied  and  prevailed 
on  Oceanus  and  Thetis  to  cause  them  to  pursue  forever  their 
courses  around  the  pole  without  resting  beneath  the  ocean 
waves.  Thus  was  explained  the  circumpolar  motions  of 
H^nt^  stars  which  are  alwaysLftbove  the  linri/.un. 

The  Pawnee  Indians  call  the  stars  of  the  liuwl  of  the  Dip- 
per a  stretcher  on  which  a  sick  man  is  being  carried,  and  the 
first  one  in  the  handle  is  the  medicine  man. 

The  star  at  the  bend  of  the  handle  of  the  Dipper,  called 
Mizar  by  the  Arabs,  has  a  faint  one  near  it  which  is  known 
as  Alcor.  Mizar  is  of  the  second  magnitude,  and  Alcor  is  of 
the  fifth.  Any  one  with  reasonably  good  eyes  can  see  the  two 
8t.ars  as  distinct  objects,  without  optical  aid.  It  is  probable 
that  this  was  the  first  double  star  that  was  discovered.  The 
distance  of  11 '.5  between  them  is  so  great,  astronomically 
speaking,  that  it  is  no  longer  regarded  as  a  true  double  star. 
It  has  been  supposed  by  some  writers  that  the  word  Alcor 
is  derived  from  an  Arabic  word  meaning  the  test,  and  the 

•  East  and  wept  on  the  sky  must  bo  iindorstood  to  be  measured  along 
dc^'iinsUon  rircles.  Consequently,  near  the  i)ole  east  may  have  any  direr- 
tion  with  respect  to  the  horizon.  Alwvc  tlie  pole,  east  on  the  sky  is  toward 
the  *a«tem  part  of  the  horicon.  while  lielow  the  pole  it  in  toward  the  western 
,  pvt  of  the  horixon.  .\11  8tatementj<  of  direction  in  descriptions  of  the 
,  MBst^ations  refer  to  directions  on  the  sky  unless  otherwise  indicated,  and 
MN  must  be  taken  not  to  understand  them  in  any  other  aeiue. 


152        AN  INTRODUCTION  TO  ASTRONOMY    [oh.  v,  85 

Arabs  are  said  to  have  tested  their  eyesight  on  it.  The 
Pawnee  Indians  call  it  the  Medicine  Man's  Wife's  Dog. 

The  star  Mizar  itself  is  a  fine  telescopic  double,  the  first 
one  ever  discovered ;  the  two  components  are  distant  from 
each  other  14".6  and  can  be  seen  separately  with  a  3-inch 
telescope.  The  distance  from  the  earth  to  Mizar,  according 
to  the  work  of  Ludendorff,  is  4,800,000  times  as  far  as  from 
the  earth  to  the  sun,  and  about  75  years  are  required  for 
light  to  come  from  it  to  up.  The  star  appears  to  be  faint 
only  because  of  its  immense  distance,  for,  as  a  matter  of 
fact,  it  radiates  115  times  as  much  light  as  is  given  out  by 
the  sun.  The  actual  distance  even  from  Mizar  to  Alcor, 
which  is  barely  discernible  with  the  unaided  eye,  is  16,000 
times  as  far  as  from  the  earth  to  the  sun. 

The  first  of  a  series  of  very  important  discoveries  was  made 
by  E.  C.  Pickering,  in  1889,  by  spectroscopic  observations 
of  the  brighter  component  of  Mizar.  It  was  found  by 
methods  which  will  be  discussed  in  Arts.  285  and  286  that 
this  star  is  itself  a  double  in  which  the  components  are  so 
close  together  that  they  cannot  be  distinguished  separately 
with  the  aid  of  any  existing  telescope.  Such  a  star  is  called 
a  spectroscopic  binary.  The  complete  discussion  showed 
that  the  brighter  component  of  Mizar  is  composed  of  two 
great  suns  whose  combined  mass  is  many  times  that  of  our 
sun,  and  that  they  revolve  about  their  common  center  of 
gravity  at  a  distance  of  25,000,000  miles  from  each  other  in 
a  period  of  20.5  days. 

86.  Cassiopeia  (The  Woman  in  the  Chair).  — To  find 
Cassiopeia  go  from  the  middle  of  the  handle  of  the  Big  Dipper 
through  Polaris  and  about  30°  beyond.  The  constellation 
will  be  recognized  because  the  principal  stars  of  which  it 
is  composed,  ranging  in  magnitude  from  the  second  to  the 
fourth,  form  a  zigzag,  or  letter  W.  When  it  is  tilted  in  a 
particular  way  as  it  moves  around  the  pole  in  its  diurnal 
motion,  it  has  some  resemblance  to  the  outline  of  a  chair. 
The  brightest  of  the  7  stars  in  the  W  is  the  one  at  the  bottom 
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of  its  second  part,  and  a  2-inch  telescope  will  show  that  it 
18  a  double  star  whose  colors  are  described  as  rose  and  blue. 

One  of  the  most  interesting  objects  in  this  constellation  is 
the  star  Eta  Cassiopeise,  which  is  near  the  middle  of  the  third 
stroke  of  the  W  and  about  2°  from  Alpha.  It  is  a  fine 
double  which  can  be  separated  with  a  3-inch  telescope. 
The  two  stars  are  not  only  apparently  dose  together,  but 
actually  form  a  physical  system,  revolving  around  their 
common  center  of  gravity  in  a  period  of  about  200  years. 
If  there  are  planets  revolving  around  cither  of  these  stars, 
their  phenomena  of  night  and  day  and  their  seasons  must 
be  ver)'  complicated. 

In  1572  a  new  star  suddenly  blazed  forth  in  Cassiopeia 
and  became  brighter  than  any  other  one  in  the  sky.  It 
caught  the  attention  of  Tycho  Brahe,  who  was  then  a  young 
man,  and  did  niu<'h  to  stimulate  his  interest  in  astronomy. 

87.  How  to  Locate  the  Equinoxes.  —  It  is  advantageous 
to  know  how  to  locate  (ht-  oquino.xc.'f  when  the  positions  of 
objects  are  defined  by  their  riglit  ascensions  and  declinations. 
To  find  the  vernal  equinox,  draw  a  line  from  Polaris  through 
the  most  westerly  star  in  the  W  of  Cassiopeia,  and  continue 
it  90".  The  point  where  it  crosses  the  equator  is  the  vernal 
equinox  which,  unfortunatelj',  has  no  bright  stars  in  its 
neighborhood. 

If  the  vernal  equinox  is  below  the  horizon,  the  autumnal 
equinox  may  be  conveniently  used.  One  or  the  other  of 
them  is,  of  course,  always  above  the  horizon.  To  fintl  the 
autumnal  equinox,  draw  a  line  from  Polaris  through  Delta 
Urss  Majoris,  or  the  star  where  the  handle  of  the  Big 
Dipper  joins  the  dipper,  and  continue  it  90°  to  the  efjuator. 
The  autumnal  equinox  is  in  Virgo.  This  constellation 
contains  the  first-magnitude  star  Spica,  which  is  about  10° 
south  and  20°  east  of  the  autumnal  equinox. 

88.  Lyra  (The  Lyre,  or  Harp).  —  Lyra  is  a  small  but 
very  interesting  constellation  whose  right  ascension  is  about 
18.7  hours  and  whose  declination  is  about  40°  north.     It  is, 
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thpi-efuiT,  ab<mt  r-iif  fnim  tlic  (Hilr',  an<l  its  jxisition  ran  easily 
be  dcfcniiinod  by  uwiup;  the  (lii'ertiitn.H  for  hiuliiig  the  vernal 
and  autumnal  fquiaoxes.  Or,  its  distance  east  or  west  of 
the  meridian  can  be  determined  by  the  methotis  of  Art. 
69.  Witii  an  approximate  idea  of  its  lo<"atioi),  it  can  always 
be  founil  because  it  contains  the  brilliant  bluish-white, 
fii'st-magnitude  star  Vega.  If  there  should  be  any  doubt  in 
regard  tu  the  identifieation  of  \'ega,  it  ean  always  be  dis- 
pelled by  I  he  fact  thai  ttiis  star,  together  with  two  fourth- 
magnitude  stars,  Ejjsilon  and  Zeta  Lyrse,  form  an  equi- 
lateral triangle  whose  sitles  are  about  2°  in  length.  There 
are  no  other  stars  so  near  \'oga,  and  there  is  no  other  con- 
figuration (if  {\]\^  ("haraeter  in  the  whute  h('av<'ns. 

As  wa.s  statetl  in  Art.  47,  the  attractions  of  the  moon  and 
sun  for  the  equatorial  bulge  of  the  earth  cause  a  precession 
of  the  earth'.s  eriuator,  and  thei'cfore  a  change  in  the  location 
of  the  pole  of  the  sky.  About  12,000  years  from  now  the 
north  pole  will  be  very  close  to  Vega.  What  a  splendid 
pole  star  it  will  make  !  It  Ih  a])|jroaching  us  at  the  rate  of 
8.5  miles  per  second,  but  its  distance  is  so  enonuous  that 
even  this  high  velocity  will  make  no  appreciable  change  in 
its  brightness  in  the  next  12,000  years.  The  di.stance  of 
Vega  is  not  very  accuratel)'  known,  but  it  is  probably  more 
than  8,000,tKK)  times  as  far  from  the  earth  as  the  earth  is 
from  the  sun.  M  its  euornious  distsmce  the  sim  would  ap- 
pear without  a  telescope  as  a  faint  star  nearly  at  the  limits 
of  visibility.  Another  point  of  interest  is  that  the  sun  with 
all  its  planets  i.«  moving  nearly  in  the  direction  of  Vega  at 
the  rate  of  about  400,000,000  miles  a  year. 

The  star  Epsilon  Lyr®,  which  is  about  2°  northeast  of 
Vega,  is  an  object  which  should  be  carefidly  observed.  It  is 
a  double  star  in  which  the  apparent  (.listance  between  the 
two  components  is  207".  They  are  barely  distinguishable 
as  separate  objects  with  the  unaided  eye  even  by  pei"sons 
of  perfect  eyesight.  It  is  a  noteworthy  fact  that,  so  far  as 
is  known,  this  star  was  not  seen  to  be  a  double  by  the  Arabs, 


CB.  V.  88] 


THE   CONSTELLATIONS 


155 


the  early  Clreeks,  or  any  primitive  proplps.  A  century  hro 
astronomers  gave  their  ability  tp  separate  this  pair  withtnit 
the  use  of  the  telescope  as  proof  nf  (heir  having  exceplioiuiily 
keen  sight.  Perhaps  with  tlie  more  exacting  use  to  which 
the  eyes  of  the  human  race  are  being  subjected,  they  arc 
antually  improving  instead  of  deteriorating  as  is  commonly 
supposed. 

Although  the  angular  distance  between  the  two  compo- 
nents of  Epsilon  Lyra;  se('i7is  small,  astronomers  reguhirly 
measure  one  two-thousandth  of  this  angle.  The  discovery 
of  Neptune  wa<«  based  on  the  fact  that  in  60  years  it  had 
pulled  Uranus  from  its  predicted  place,  as  seen  from  the 
earth,  only  a  little  more  than  half  of  the  angular  distance 
between  the  components  of  this  double  .star.  When  Epsilon 
Lyrae  is  viewed  through  :i  telescope  of  5  or  H  inches'  siperture, 
it  presents  a  great  surprise.  The  two  comjionents  arc  found 
to  be  so  far  apart  in  the  telescope  that  they  can  hardly  be 

Bii  at  the  same  time,  and  a  little  dose  attention  shows  that 
^tech  of  them  also  is  a  double.  That  is,  the  faint  oljjcct 
Epsilon  Lyrte  is  a  magnificent  .system  of  four  suns. 

About  .5°. 5  south  of  \'ega  an<l  3°  east  is  the  third-magui- 
lude  .star  Beta  Lyrie.  It  is  u  very  remarkable  variable 
whose  brightness  changes  by  nearly  a  magnitude  in  a  period 
of  12  days  anrl  22  hours.  The  varialulity  of  this  star  is  ilue 
■  to  the  fact  that  it  is  a  double  whose  plane  of  motion  passes 
nearly  through  the  earth  so  that  twice  in  each  complete 
revolution  one  star  eclipses  the  other.  A  detailed  study  of 
the  way  in  which  the  light  of  this  .star  varies  shows  that  the 
components  are  stars  whose  average  density  is  approximately 
that  of  the  earth's  almospliere  at  sea  level. 

AI)Out  2°. 5  southeast  of  Beta  Lyrfe  is  the  third-magnitude 
star  Gamma  Lyrse.  On  a  line  joining  these  two  stars  and 
about  one  third  of  the  distance  from  Beta  is  a  ring,  or  an- 
nular, nebula,  the  only  one  of  the  few  that  are  known  that 
•can  be  seen  with  a  small  tele.scope.  It  takes  a  large  telescope, 
however,  to  show  much  of  its  detail. 
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89.  Hercules  (The  Kneeling  Hero).  —  Hercules  is  a  very 
large  constellation  lying  west  and  southwest  of  Lyra.  It 
contains  no  stars  brighter  than  the  third  magnitude,  but  it 
can  be  recognized  from  a  trapezoidal  figure  of  5  stars  which 
are  about  20°  west  of  Vega.  The  base  of  the  trapezoid,  which 
is  turned  to  the  north  and  slightly  to  the  east,  is  about  6° 
long  and  contains  two  stars  in  the  northeast  comer  which 
are  of  the  third  and  fourth  magnitudes.  The  star  in  the 
southeast  corner  is  of  the  fourth  magnitude,  and  the  others 
are  of  the  third  magnitude.  On  the  west  side  of  the  trape- 
zoid, about  one  third  of  the  distance  from  the  north  end,  is 
one  of  the  finest  star  clusters  in  the  whole  heavens,  known  as 
Messier  13.  It  is  barely  visible  to  the  imaided  eye  on  a 
clear  dark  night,  appearing  as  a  little  hazy  star ;  but  through 
a  good  telescope  it  is  seen  to  be  a  wonderful  object,  containing 
more  than  5000  stars  (Fig.  171)  which  are  probably  com- 
parable to  our  own  sun  in  dimensions  and  brilliancy.  The 
cluster  wa.s  discovered  by  Halley  (1656-1742),  but  derives 
its  present  name  from  the  French  comet  hunter  Messier 
(1730-1817),  who  did  all  of  his  work  with  an  instrument  of 
only  2.5  inches'  aperture. 

90.  Scorpius  (The  Scorpion).  —  There  are  12  constella- 
tions, one  for  each  month,  w^hich  he  along  the  ecliptic  and 
constitute  the  zodiac.  Scorpius  is  the  ninth  of  these  and  the 
most  briUiant  one  of  all.  In  fact,  it  is  one  of  the  finest  group 
of  stars  that  cm  be  seen  from  our  latitude.  It  is  60°  straight 
south  of  Hercules  and  can  always  be  easily  recognized  by 
its  fierj'  red  first-magnitude  star  Antares,  which,  in  light- 
giving  power,  is  equal  to  at  least  200  suns  such  as  ours. 
The  word  Antares  means  opposed  to,  or  rivaling,  Mars, 
the  red  planet  associated  with  the  god  of  war.  Antares  is 
represented  as  occupying  the  position  of  the  heart,  of  a  scor- 
pion. About  7"  west  of  Antares  is  a  faint  green  star  of  the 
sixth  magnitude  which  can  ho  soon  through  a  5-  or  6-inch 
telescope  under  good  atmospheric  conditions.  About  5°' 
northwest  of  Antares  is  a  very  compact  and  fine  cluster, 
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Messier  8<J.     Scoqiius  lios  in  one  of  the  richest  and  most 
j  varied  parts  of  the  Milky  Way. 

According  t<i  the  Ctreeit  legend,  Scorpius  is  the  monster 
[that  killed  Orion  and  frightened  the  horses  of  the  sun  so  that 

Phaeton  was  thrown  from  his  ehariot  when  he  attempted  to 

drive  them. 

91.  Corona  Borealis  (The  Northern  Crown).  —  Just  west 
of  the  great  Hercules  lies  the  little  constellation  Corona 
Borealis.  It  is  easily  recognized  liy  tlie  semicircle,  or  crown, 
of  stars  of  the  fourth  and  fifth  magnitudes  which  opens 
toward  the  northea.st.  Tfie  Pawnee  Indians  rnlkil  it  the 
camp  circle,  and  it  is  not  difficult  to  imagine  that  the  stars 
represent  warriors  sitting  in  a  semicircle  around  a  central 

'  campfire. 

92.  Bootes  (The  Hunter).  —  Bootes  is  a  large  coastel- 
lation  bing  wt>st  of  Corona  Horealis,  in  right  ascension  about 

1 14  hours,  and  ext«nding  from  near  the  equator  to  within 
[35'  of  the  pfjle.  It  always  can  be  easily  recognized  bj-  its 
I  bright  first-magnitude  star  Arcturus,  wiiich  is  about  20° 
I  southwest  of  Corona  Borealis.     This  

Btar  i.s  a  deep  orange  in  cdlor  and  is 
Fone  of  the  finest  stars  in  the  nortliern 
I  sky.  It  is  so  far  away  that  100 
Ijrears  are  required   for  it.s  light    to 

come  to  the  earth,  and  in  radiating 

power  it  is  equivalent  to  more  than 

500  suns  like  our  own. 

In  mythology'  Bootes  is  represented 
\tm  leading  his  hunting  dogs  in  their 

pursuit  of  the  bear  acro.ss  the  sky. 

93.  Leo    (The    Lion).  —  Leo    lies 
'  atxiut  60°  west  of  Arcturus  and  is  the 

sixth  zodiacal  constellation.  It  is 
eafdly  recognized  by  the  fact  that  it  contains  7  stars  which 
form  the  outline  of  a  sickle.  In  the  photograph,  Fig.  57,  only 
the  5  brightest  stars  are  shown.     The  most  southerly  star  of 


Fiu.  57.  —  The  sickle  in  Leo, 
OS  seen  when  it  is  on  the 
meridian. 
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Flo.  68.  —  The  Great  Andromwin  Nebula.     Photoornphed  by  Ritch.-u  u'ilh             ■ 
the  tvo-/ool  Ttsfttctor  of  Me  Yerket  OUenatory.                                      M 
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itbe  Kickle  is  Rpgulus,  at  tlu-  end  of  the  liaiKlk-.  The  blade 
lof  the  sickle  opens  out  toward  the  southwest.  One  of  the 
fmort  interesting  things  in  connection  vvitii  this  constella- 
tion is  that  the  mi-teori^  of  the  shower  which  occurs  about 
[November  14  seem  to  radiate  from  a  jMiint  within  the  blade 
(of  the  sickle  (Art.  204). 

The  star  Hcgulus  is  at  the  heart  of  the  Nemean  lion  which, 
lacconUng  to  classic  legends,  was  killed  by  Hercules  as  the 
I  first  of  his  twelve  great  Inlxirs. 

94.   Andromeda    (The   Woman   Chained). — Andromeda 
|i»  a  large  constellation  just  .south  of  Ca.ssio{)cia.     It  contains 
'no  first-magnitude  stars,  but  it  can  be  recogmzed  from  a 
jne  of  3  swond-magiiitude  stars  extenihiig  iiortlica.Ht  and 
lUl^bweut.     The  most  interesting  object  in  this  constellation 
[i«   the  Cireut   Andromeda    Ncbvda,    Fig.  .'iS,    the  brightest 
[nebula  in  the  sky.     It  is  alx)Ut   !")"  dirci-tly  south  of  Alpha 
tCaasiopeise,  and  it  can  be  seen  without  difRcultj'  on  a  clear, 
'moonless  night  a.s  a  hazy   patcli  of   light.     When    viewed 
[  through  a  telescope  it  fills  a  part  of  the  sky  nearly  2°  long  and 
11"  wide.     In  it,s  center  is  a  star  which  is  i)robably  variafile. 
[The  analysis  of  its  light  with  the  spcctrosco])e  seems  to  in- 
dicate that  it  is  coiniwsed  of  solid  or  liquid   material   sur- 
roui)de<l  by  cooler  ga.ses.     It  has  lieen  suggested  that,  in- 
Istead  of  l)eing  a  nebula,  it  may  he  an  aggregation  of  millions 
[of  »uus  comparable  to  the  CJaljixy,  but  so  distant  from  us 
I  that  it  apparently  covers  an  insignificant  part  of  the  sky. 

96.  Perseus  (The  Champion).  —  Perseus  is  a  large  con- 
[fltellation  in  tlie  Milky  Way  dirwtly  east  of  Aniiromeda. 
Its  brightest  star.  Alpha,  is  in  the  midst  of  a  star  field  which 
'presents  the  finest  spectacle  through  field  glasses  or  a  small 
;  tebwcope  in  the  whole  sky.  The  seconil  brightest  star  in 
[this  constellation  is  the  earliest  known  variable  star,  .\lgol 
(the  Demon).  Algol  is  alMHit  9"  south  and  a  little  west  of 
Alpha  Persei,  and  varies  in  mugiiitu<i('  from  2.2  to  3.4  in  a 
period  of  2.867  days.  That  is.  at  its  minimum  it  loses  more 
than  two  thirds  of  its  light.     There  is  also  a  remarkable 
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double  cluster  in  this  constellation  about  10°  east  of  Alpha 
Cassiopeis. 

Algol,  together  with  the  iittle  stars  near  it,  is  the  Medusa's 
head  which  Perseus  is  supposed  to  carry  in  his  hand  and  which 
he  ased  in  the  rescue  uf  Andromiila.  He  is  said  to  have 
stirred  up  the  dust  in  heaven  in  his  haste,  and  it  now  ap- 
pears as  the  Milky  Way. 

96.  Auriga  (The  Charioteer).  —  The  next  constellation 
east  of  Perseus  is  Auriga,  which  contains  the  great  first- 
magnitude  star  Capella.  Capella  is  about  40°  from  the 
Big  Dipper  and  nearly  in  a  line  from  Delta  through  Alpha 
Ursffi  Majoris.  It  is  also  distinguisheil  by  the  fact  that 
near  it  are  3  stars  known  as  The  Kids,  the  name  Capella 
meaning  The  She-goat.  It  is  receding  from  us  at  the  rate 
of  nearlj'  20  miles  per  second  and  its  distance  is  2,600,000 
times  that  of  the  earth  from  the  sun.  It  was  found  at  the 
Lick  Observatory,  in  1889,  to  be  a  spectroscopic  binary  with 
a  period  of  104.2  days.  The  computations  of  Maunder 
show  that  it  radiates  about  200  times  as  much  light  as  is 
given  out  bj'  ttie  sun. 

97.  Taurus  (The  Bull).  —  Taurus  is  southwest  of  Auriga 
and  contains  two  conspicuous  groups  of  stars,  the  Pleiades 
and  the  Hyades,  besides  the  brilliant  red  star  Aldebaran. 

Among  the  many  mytliical  stories  regarding  this  constel- 
lation there  is  one  which  describes  the  bull  as  charging  down 
on  Orion.  According  to  a  Greek  legend,  Zeus  took  the  form 
of  a  bull  when  he  captured  Europa,  the  daughter  of  Agenor. 
While  placing  in  the  meadows  with  her  friends,  she  leaped 
upon  the  buck  of  a  beautiful  white  bull,  which  was  Zeus 
himself  in  disguise.  He  dashed  into  the  sea  and  bore  her 
away  to  Crete.  Only  his  head  and  shoulders  are  visible  in 
the  sky  because,  when  he  swims,  the  rest  of  his  body  is 
covered  with  water. 

The  Pleiades  group,  Fig.  59,  consists  of  7  stars  in  the 
form  of  a  little  dipper  about  30°  southwest  of  Capella  and 
nearly  20°  south  of,  and  a  little  east  of,  Algol.    Six  of  them, 
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which  are  of  the  fourth  magnitude,  are  easily  visible  without 
optical  aid ;  but  the  seventh,  which  is  near  the  one  at  the 
end  of  the  handle  in  the  dipper,  is  more  difficult.  There 
seems  to  have  been  considerable  difficulty  in  seeing  the  faint- 
est one  in  ancient  times,  for  it  was  frequently  spoken  of  as 


Flo.  59.  —  The  I'leindea.     Photographed  by  Wallace  ai  the  Yerkei  Obtenatori/. 

having  been  lost.  There  is  no  difRculty  now,  however,  for 
people  with  g(K)d  eyes  to  see  it,  while  those  with  exceptionally 
keen  ."sight  can  see  10  or  11  stars. 

No  group  of  stars  in  all  the  sky  seems  to  have  attracted 
greater  popular  attention  than  the  Pleiades,  nor  to  have 
been  mentioned  more  frequently,  not  only  in  the  classic 
writings  of  the  ancients,  but  also  in  the  stories  of  primitive 
peoples.  They  were  The  Seven  Sisters  of  the  Creeks,  The 
Many  Little  Ones  of  the  ancient  Babylonians,  The  Hen  and 
Chickens  of  the  peoples  of  many  parts  of  Europe,  The 
Little  Eyes  of  the  snvaRe  tribes  of  the  South  Pacific  Islands, 
and  The  Seven  Brothers  of  some  of  the  tribes  of  Xorth 
Ammcan  Indians.  They  cross  the  meridian  at  midnight 
in  November,  and  many  primitive  peoples  began  their  year 
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at  that  time.  It  is  ,s;iid  that  on  the  exact  date,  November 
17,  no  petition  was  pvcr  proscntod  in  vain  to  the  king^  of 
ancient  Persia.  These  stars  iiad  an  important  relation  to 
the  religious  ceremonies  of  the  Aztecs,  and  certain  of  the 
Australian  tribes  held  dances  in  tlieir  honor. 

Be.'<i(les  the  7  stars  which  make  up  the  Pleiades  as  observed 
without  a  telescope,  there  are  at  least  100  others  in  the  group 
which  can  be  mvn  with  a  small  instrument.  While  their 
distaiicp  from  the  earth  is  not  known,  it  can  scarcely  be  less 
than  It),(K)0,fM)n  times  that  of  the  sun.  it  follows  that  these 
stars  are  apparcnUy  small  oidy  because  they  are  so  remote. 
A  star  among  them  ecjual  lo  the  sun  in  brilliancy  would  ap- 
pear to  us  as  a  telescopic  object  of  the  ninth  magnitude. 
The  larger  stars  of  the  p;rnup  are  at  least  from  100  to  200 
times  as  great  in  light-giving  jxtwer  as  the  sun. 

Alwjut  8°  .southeiLst  of  the  Pleiades  is  the  Ilj'adea  group,  a 
chister  n(  small  stars  scarcely  less  celebrated  in  mjihnlogy. 
They  have  been  found  recently  to  constitule  a  cluster  of 
stai-s,  occupying  an  enormous  space,  all  of  which  move  in  the 
same  direction  with  almost  rx.actly  er]ual  speeds  (Art.  277). 
The  magnificent  scali'  of  this  grouj)  of  stars  is  quite  beyond 
imagination.  Indivichially  they  range  in  luminosity  from  5 
to  100  times  that  of  the  sun,  and  the  diameter  of  the  space 
which  they  occupy  is  more  ilian  2,000,000  times  the  dis- 
tance from  the  earth  to  the  .sun. 

98.  Orion  (The  Warrior  "I .  —  Southeast  of  Taurus  and 
directly  south  of  .Vuriga  is  the  constellation  Orion,  lying 
across  the  equator  between  the  fifth  and  .sixth  hours  of  right 
ascension.  This  is  the  finest  region  of  the  whole  sky  for 
observation  without  a  telescope. 

The  Trends  regarding"  Oion  arc  many  and  in  their  details 
conflicting.  But  in  all  of  them  he  was  a  giant  and  a  mighty 
hunter  who,  in  the  sky,  stands  facing  the  bull  (Taurus)  with 
a  club  in  his  right  hand  and  a  Uon's  skin  in  his  left. 

.\bout  7°  nortfi  of  the  equator  and  1.5°  southeast  of  Al- 
debaran  is  the  ruddy  Betelgeuze.    About  20°  southwest  of 
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Betelgeuzc  is  the  first-magnitude  star  Rigul,  a  magnificent 
object  which  is  at  least  2000  times  as  luminous  as  the  sun. 
About  midway  between  Betelgeuze  and  Rigrl  and  almost 
on  the  equator  is  a  row  of  second-magnitude  stars  running 
northwest  and  southeast,  which  constitute  the  Belt  of  Orion, 
Fig.  60.  From  its  southern  end  anotber  row  of  fainter 
stars  reaches  off  to  tlie  southwest,  nearly  in  the  tlirection  of 


FlO.  flO.  —  1  iriMii.      I'lfjl'i.jraplud  al  the  i'lrkia  Obio rcalory  (/lughat). 

Rigel.  These  stars  constitute  the  Sword  of  Orion.  The  cen- 
tral one  of  them  appears  a  little  fuzzy  without  a  telescope, 
and  with  a  telescope  is  found  to  be  a  magnificent  nebula, 
Fig.  61.  In  fact,  the  Great  Orion  Nebula  impress^  many 
obeervers  as  being  the  most  ma^iificent  object  in  the  whole 
heavens.  It  covers  more  than  a  square  degree  in  the  sky, 
and  the  spectroscope  shows  it  to  be  a  ni!is.s  of  glowing  gas 
whose  distance  is  probably  several  million  times  as  great  as 
that  to  the  sun,  and  whose  diameter  is  probably  as  great  as 
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the  distance  from  the  earth  to  the  nearest  star.  The  stare 
in  this  region  of  the  sky  are  generally  supposwl  by  astronomers 
to  be  in  an  early  stage  of  their  development ;   most  of  them 


Fio.  61.  —  The  Gront  Orion  Ncbuln.     PhotographeH  bu  RUchey  urith  the 
two-fool  refitctOT  of  the  Yerkea  Obtervatory. 


are  of  great  luminosity,  and  a  considerable  fraction  of  them 

are  variable  or  double. 
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99.  Canis  Major  (The  Greater  Dog).  —  The  fonstellation 
Canis  Major  is  southeast  of  Orion  and  is  marketi  by  Sirius, 
the  brightest  star  in  the  whole  slty.  Sirius  is  almost  in  a 
line  with  the  Belt  of  Oriun  and  a  little  more  than  20"  from  it. 
It  is  bluish  white  in  color  and  is  supposed  to  be  in  an  early 
Rtagc  of  its  evolution,  though  it  has  advanced  somewhat  from 
the  condition  of  the  Orion  stars.  Sirius  is  comparatively 
near  to  us,  being  the  thirti  star  in  distance  from  the  sun. 
Ne\'ert.heles.s,  8.4  years  are  roquinnl  for  its  light  to  come  to 
us,  and  its  di.stancc  is  47,(KW,(HJO,0(W,CH>0  miles.  It  is  ap- 
proftchinp  us  at  the  rate  of  5.6  miles  per  second  ;  or,  rather,  it 
ia  overtaking  the  sun,  for  the  solar  system  is  moving  in  nearly 
the  opposite  direction. 

The  history  of  Sirius  during  the  last  two  centuries  is  very 
interesting,  and  furnishes  a  good  illustration  of  the  value 
of  the  daluctive  method  in  making  discoveries.  First, 
Hallcy  found,  in  1718,  that  Sirius  ha.s  a  motion  with  respect 
to  fixed  reference  points  and  lines;  then,  a  little  more  than 
a  conturj'  later,  Bcssel  found  that  thi.s  motion  is  slightly 
variable.  He  inferred  from  this,  on  the  basis  of  the  laws  of 
motion,  that  Sirius  and  an  unseen  companion  were  traveling 
around  their  common  center  of  gravity  which  was  mo\nng 
with  uniform  speed  in  a  straight  line.  This  companion 
actually  was  discovered  by  .\lvan  O.  Clark,  in  1802,  while 
,_44iu!*tLng  the  18-inch  telescope  now  of  the  Dearborn  Ob- 
itory,  at  Evanston,  111.  The  distance  of  the  two  stars 
from  each  other  is  1,800,000,000  miles,  and  they  complete 
a  revolution  in  48.8  years.  The  combined  ma.ss  of  the 
two  stars  is  about  3.4  times  that  of  the  sun.  The  larger 
star  is  only  about  twice  a,s  ma.ssivc  as  its  companion  Viut  is 
20,000  times  brighter;  together  they  radiate  48  times  as 
much  light  as  is  emitted  by  the  sun. 

100.  Canis  Minor  {The  Lesser  Dog). — Canis  Minor  is 
directly  east  of  Orion  and  is  of  particular  interest  in  the 
present  connection  because  of  its  first-magnitude  star  Pro- 
cyoD,  which  is  about  25°  east  and  just  a  little  south  of  Betel- 
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geuze.  The  history  of  this  stiir  is  much  the  same  as  that  of 
Sinus,  the  fainlor  companion  hsuing  been  discovered  in 
1896  by  Sc'haeberk'  at  tiie  Lick  Oljservatory.  The  period  of 
revolution  of  Procyon  and  its  companion  is  39  years,  its 
distance  is  a  Uttle  greater  than  that  of  Sirius,  its  combined 
mass  is  about  1.3  that  of  the  sun,  and  its  luminosity  is  about 
10  times  that  of  the  sun.  If  the  orbits  of  such  systems  aa  ] 
Sirius  and  Procyon  and  their  fainter  companions  were  edge- 
wise to  the  earth,  the  brighter  comp*jnent»>i  would  be  regu- 
larly eclipsed  and  they  would  be  variable  stars  of  the  Algol 
tj'pe  (Art.  288),  though  with  »ufh  long  periods  and  short 
times  of  ecUpse  that  their  variability  would  probably  not  be 
discovereii. 

101.  Gemini  (The  Twins).  — Gemini  is  the  fourth  zodiacal 
constellation  and  lies  liireetly  north  of  Canis  Minor.  It  hits 
been  known  as  "  The  Twins  "  from  the  most  ancient  times 
because  its  two  principal  stars.  Castor  and  Pollux,  are 
almost  alike  and  only  4°. 5  apart.  Those  stars  are  about 
25°  north  of  Procyon,  and  Castor  is  the  more  northerly  of 
the  two.  Castor  is  a  double  star  which  can  be  separated  by 
a  small  telescope.  In  IMO  B61o])olsky,  of  Pulkowa,  found 
that  its  fainter  companion  is  a  spectroscopic  binary  with  a 
period  of  2.9  days.  In  1906  Curtis,  of  the  Lick  Observatory, 
found  that  the  brighter  companion  is  also  a  spectroscopic 
binary  with  a  period  of  9.2  days.  Thus  this  star,  in.stead 
of  being  a  single  object  as  it  appears  io  be  without  telescopic 
and  sjK'Ctroscopic  aiil,  is  a  system  of  four  suns.  The  two 
pairs  revolve  about  the  common  center  of  gravity  of  the  four 
stare  in  a  long  period  which  proliably  lies  between  250  smd 
2000  years. 

Castor  is  called  Alpha  Geminorum,  because  probably  in 
ancient  times  it  was  a  little  brighter  tlian,  or  at  least  as  bright 
as,  Pollux.     Now  Pollux  is  a  Uttle  brighter  than  Castor. 

About  10°  .southeast  of  Pollux  is  the  large  open  Priesepe 
(The  Beehive)  star  cluster  which  can  be  seen  on  a  clear, 
moonless  night  without  a  telescope. 
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102.  On  Becoming  Familiar  with  the  Stars.  —  The  tbs- 
cussion  of  the  con.'«tellation.s  wi]l  be  closed  here,  not  because 
all  have  been  ciesrril)P(i.  or,  indcetl,  any  uno  of  them  ade- 
quately, but  because  enough  ims  been  said  to  show  that  tlie 
sky  is  full  of  object**  of  intere,>«t  which  can  be  found  and  en- 
joyed with  very  little  optical  aid.  The  reader  i.^*  expected 
to  observe  all  the  objects  which  have  been  described,  so  far 
as  the  time  of  year  and  the  instrumental  help  at  his  com- 
mand will  permit.  If  he  does  this,  the  whole  suV)ject  will 
have  a  deeper  and  more  lively  interest,  and  it  will  be  a  pleas- 
ure to  make  con.stant  appeals  to  the  sky  to  verify  statements 
and  des^criptions. 

The  general  features  of  the  constellations  are  very  simple, 
but  the  whole  subject  cannot  be  mastereii  in  an  evening. 
One  should  go  over  it  several  times  with  no  greater  optical 
aid  than  that  furnished  by  a  field  glass. 

VIll.  QUESTIONS 

1.  Show  why  about  22.000  plates  will  lie  required  to  photograph 
the  whole  sky  a-s  deserihed  in  Art.  7f5. 

2.  Find  the  hriKhtness  of  the  stars  in  Table  I  compared  to  that 
of  a  first-ma^itude  star. 

3.  Find  the  amount  of  light  received  from  the  sun  compared  to 
that  received  from  a  flrst-mntrnilude  star. 

4.  Take  the  amount  <>f  light  received  from  a  first-magnitude 
star  as  unity,  and  com])ute  the  amount  of  tight  received  from  each 
of  ih^  first  six  magnitudes  (Table  II). 

5.  If  the  ratio  of  the  number  of  stars  from  one  magnitude  to  the 
next  continued  the  same  as  it  is  in  Table  II,  how  mony  .stars  would 
there  be  in  the  first  20  magnitudes? 

6.  At  what  time  of  the  year  is  the  most  northerly  part  of  the 
Milky  Way  on  the  meridian  at  8  p.m.?  What  are  its  altitude  and 
azimuth  at  that  time? 

7.  What  constellations  are  within  two  hours  of  the  meridian  at 
8  P.M.  to-night?    Identify  them. 

8.  If  Lyra  is  visible  at  a  convenient  hour,  test  your  eyes  on 
Epsilon  LyriB. 

9.  If  Leo  is  visible  at  a  convenient  hour,  test  your  eyes  by  find- 
ing whioh  star  in  the  sickle  has  a  very  faint  star  near  it. 
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10.  If  Andromeda  is  visible  at  a  convenient  hour,  find  the  great 
nebula. 

11.  How  many  stars  can  you  see  in  the  bowl  of  the  Big  Dipper  ? 

12.  If  Perseus  is  visible  at  a  convenient  hour,  identify  Algol  and 
verify  its  variability. 

13.  How  many  of  the  Pleiades  can  you  see  ? 

14.  If  Orion  is  visible  at  a  convenient  hour,  identify  the  Belt  and 
Sword  and  notice  that  the  great  nebula  looks  like  a  fuzzy  star. 
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103.  Definitions  of  equal  Intervals  of  Time.  —  It  is  impos- 
sible to  give  a  definition  of  (inio  in  tpnns  which  are  shnpler 
and  better  understood  than  the  word  itself ;  but  it  is  profit- 
able to  consider  what  it  is  that  determines  the  length  of  an 
interval  of  time.  The  sulijet't  may  be  considered  from  the 
standpoint  of  the  intellectual  experience  of  the  indiviihial, 
which  varies  greatly  from  time  to  time  and  which  may  differ 
much  from  that  of  another  person,  or  it  may  be  treated  with 
reference  to  independent  phy.sieal  phenomena. 

Consider  first  the  definition  of  the  length  of  an  interval 
of  time  or,  rather,  (he  etjuality  of  two  intervals  of  time, 
from  the  psychological  point  of  view.  If  a  person  has  had  a 
numlier  of  intellectual  experiences,  he  is  not  only  conscious 
that  they  were  distinct,  but  he  has  them  arranged  in  his  mem- 
ory in  a  perfectly  definite  order.  When  lie  recalls  them  and 
notes  their  distinctness,  number,  and  order,  he  feels  that  they 
have  occurred  in  time  ;  that  is,  he  has  the  perception  of  time. 
An  interval  in  which  a  person  has  had  many  an<l  acute 
intollcctual  experiences  seems  long;  and  two  intervals  of 
time  are  of  equal  length,  psyrhnlngifally,  when  the  individual 
has  harl  in  them  an  ccjual  number  of  equally  intense  intellec- 
tual experiences.  For  example,  in  youth  when  most  of  life's 
experiences  are  new  and  wonderful,  the  months  and  the 
years  seem  to  pa.ss  slowly  ;  on  the  other  hand,  with  increas- 
ing age  when  life  reduces  largely  to  routine,  the  years  slip 
away  quickly.  Or,  to  take  an  illustration  within  the  range 
of  the  experience  of  many  who  are  still  young,  a  month  of 
travel,  or  the  first  month  in  college,  seems  longer  than  a  whole 
year  in  the  accustomed  routine  of  preparatory  school  life. 
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It  follows  from  these  considerations  that  the  true  measure  of 
the  lennth  of  the  life  of  iiii  individual  from  the  psychological 
point  of  view,  wliieh  is  the  one  in  which  he  has  greatest  inter- 
est as  a  thinking  being,  is  the  number,  variety,  and  intensity 
of  his  intellectual  experiences.  A  man  whose  life  has  been 
full,  who  has  hecunie  ucquaiiiteii  with  the  world's  history, 
who  is  familiar  with  the  wonders  of  the  universe,  who  has 
read  and  experienced  again  the  finest  thoughts  of  the  best 
minds  of  all  ages,  who  has  seen  many  i)laces  and  come  into 
contact  with  many  men,  and  who  has  originated  ideas  and 
initiated  intellectual  movements  of  his  own,  has  lived  a 
long  life,  however  few  may  have  been  the  numl)er  of  revolu- 
tions of  the  earth  around  the  sun  since  he  was  born. 

But  since  men  must  deal  with  one  another,  it  is  important 
to  have  some  definition  of  the  equaiity  of  intervals  of  time 
that  will  be  independent  of  their  varying  intellectual  life. 
The  definition,  or  at  least  its  consequences,  must  be  capable 
of  being  applied  at  any  time  or  place,  and  it  must  not  dis- 
agree too  ratlieally  with  the  psychological  definition.  Such 
a  definition  is  given  by  the  first  law  of  motion  (.\rt.  40),  or 
rather  a  part  of  it,  which  for  present  piu'poses  will  be  reworded 
as  follows : 

Tvo  iiitervah  of  time  are  equal,  by  definition,  if  a  mowig 
body  ii'hich  in  subject  lo  no  forces  passes  over  eqiuU  dislances  in 
them.  It  is  established  by  experience  that  it  makes  no 
difference  what  moving  body  is  used  orat what  rate  it  moves, 
for  they  all  give  the  .^me  result. 

104.  The  Practical  Measure  of  Time.  —  A  difficulty 
with  the  first  law  of  tnotion  and  tlu>  resulting  definition  of 
equal  intervals  of  time  arises  from  the  fact  that  it  is  impos- 
sible to  find  a  body  which  is  absolutely  uninfluenced  by 
exterior  forces.  Therefore,  iiisteati  of  using  the  law  itself, 
one  of  its  indirect  consecpieiices  is  employed.  It  follows 
from  this  law,  together  with  the  other  laws  of  motion,  that 
a  solid,  rotating  sphere  which  is  subject  to  no  exterior  forces 
tujus  at  a  uiiiform  rate.    Theic  is  no  rotating  body  which 
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is  not  subject  to  at  least  the  at  traction  of  other  bodies ;  but 
the  sirupie  attraction  of  an  exterior  body  has  no  influence 
on  the  rate  of  rotation  of  a  sphere  which  is  perfectly  solid. 
Therefore  the  earth  rotates  at  a  uniform  rate,  according  (o 
the  definition  of  unifonnity  implied  in  the  first  law  of  motion, 
except  for  the  slight  and  altogether  negligible  modifying  in- 
fluences which  were  enumerated  in  Art.  4.5,  and  hence  can 
l>e  used  for  the  measurement  of  tinte. 

If  the  rotation  of  the  earth  is  to  be  u.sed  in  the  measure- 
ment of  time,  it  is  only  necessary  to  determine  in  some  way 
the  angle  through  which  it  turns  in  any  interval  under  con- 
sideration. This  can  be  done  by  observations  of  the  position 
of  the  meridian  with  reference  to  the  stars.  Since  the  stars 
are  extremelj'  far  away  and  fio  not  move  appreciably  with 
respect  to  one  another  in  so  short,  an  interval  as  a  day,  the 
rotation  of  the  earth  can  be  measured  by  reference  to  any 
of  them.  Let  it  be  remeniberefi  that,  though  the  rate  of 
the  rotation  of  the  earth  is  subject  to  some  possible  slight 
modifications,  its  uniformity  is  far  beyond  that  of  any  clock 
ever  made. 

105.  Sidereal  Time.  —  Sidereal  time  is  the  time  defined 
by  the  rotation  of  the  earth  with  respect  to  the  stars.  A 
sidereal  day  is  the  interval  between  the  pa.ssage  of  the 
meridian,  in  its  eastward  motion,  across  a  star  and  its  next 
succeeding  pas.sagc  across  the  same  star.  Since  the  earth 
rotates  at  a  unifomi  rate,  all  sidereal  days  are  of  the  same 
length.  The  sidereal  day  is  divided  into  24  .sidereal  hours, 
which  are  numbered  from  1  to  24,  the  hours  are  divitied  into 
60  minutes,  and  the  minutes  into  CO  .seconds.  The  sidereal 
time  of  a  given  place  on  the  earth  is  zero  when  its  meridian 
crosses  the  vernal  equinox. 

Since  the  definition  of  sidereal  time  depends  upon  the 
meridian  of  the  observer,  it  follows  that  all  places  on  the 
eArth  having  the  same  longitude  have  the  same  sidereal 
time,  and  that  those  having  different  longitudes  have  dif- 
ferent sidereal  time.     It  follows  from  the  uniformity  of  the 
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earth's  rotation  that  equal  intervals  of  sidereal  time  are 
equal  according  to  the  first  law  of  motion. 

106.  Solar  Time.  —  Solar  time  is  defined  by  the  rotation 
of  the  earth  with  respect  to  the  sun.  A  solar  day  is  the 
interval  of  time  between  the  passage  of  a  meridian  across 
the  center  of  the  sun  and  its  next  succeeding  passage  across 
the  center  of  the  sun.  Since  the  sun  apparently  moves 
eastward  among  the  stars,  a  solar  day  is  longer  than  the 
sidereal  day.  The  sun  makes  an  apparent  revolution  of  the 
heavens  in  365  dSjys,  and  therefore,  since  the  circuit  of  the 
heavens  is  360°,  it  moves  eastward  on  the  average  a  little 
less  than  1°  a  day.  The  earth  turns  15°  in  1  hour,  and  1° 
in  4  minutes,  from  which  it  follows  that  the  solar  day  is 
nearly  4  minutes  longer  on  the  average  than  the  sidereal  day. 

107.  Variations  in  the  Lengths  of  Solar  Days.  —  If  the 
apparent  motion  of  the  sun  eastward  among  the  stars  were 

uniform,  each 
solar  day  would 
be  longer  than 
the  sidereal  day 
by  the  same 
amount;  and 
since  the  sidereal 
days  are  all  of 
equal  length,  the 
solar  days  also 
would  all  be  of 
equal  length. 
But  the  east- 
ward apparent 
motion    of     the 

sun  is  somewhat  variabk"  because  of  two  principal  reasons, 

which  will  now  be  explained. 

The  earth  moves  in  its  elliptical  orbit  around  the  sun  in 

such  a  way  that  the  law  of  areas  is  fulfilled.     The  angular 

distance  the  sun  appears  to  move  eastward  among  the 


Fi<!.  C2.  —  Sol.ir  days  sire  lotiRcr  than  sidereal  days. 
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sUirs  L'fjuals  the  angular  distance  the  earth  moves  forward 
in  its  orbit.  This  is  made  e\'ident  from  Fig.  02,  in  whicii 
El  represents  the  position  of  the  earth  wlien  it  is  noon  at  .4. 
At  the  next  noon  at  .1,  .solar  time,  the  earth  has  movetl  for- 
ward in  its  orbit  through  the  angle  EiSEi  (of  course  the  di.s- 
tance  is  greatly  exaggerated).  Suppose  that  when  the  earth 
is  at  El  the  direction  of  a  star  is  EiS.  When  the  earth  is  at 
Et,  the  same  direction  is  EtS'.  The  sun  has  apparently 
moved  through  the  angle  S'E-iS,  which  equals  A'n.SAV 

Since  the  earth  moves  in  it,s  orbit  in  accordance  with  the 
law  of  areas,  its  angular  motion  is  fastest  when  it  is  nearest 
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Flo.  03.  —  LeoKtb  of  sol.ir  days.    lirokoii  line  gives  effects  of  eccentricity ; 
dotted  line,  (he  iurlirintion ;  full  line,  the  combined  effe<^ts. 


the  .sun.  Consequently,  when  the  earth  is  jU  its  perihi'lion 
the  sun's  apparent  motion  eastward  is  fastest,  and  Itie  solar 
days,  so  far  as  this  factor  alone  is  concerned,  are  then  the 
longest.  The  earth  is  at  its  perihelion  p<iint  about  the  first 
of  January  and  at  its  aphelion  point  about  the  first  of  July. 
Consequently,  the  time  from  noon  to  noon,  so  far  as  it 
dejiends  ujxtn  the  eccentricity  of  the  earth's  orbit,  is  longest 
nJwut  the  first  of  January  and  shortest  about  the  first  of 
July.  The  lengths  of  the  solar  days,  so  far  as  they  depend 
upon  the  eccentricity  of  the  earth's  orbit,  are  shown  by  the 
broken  line  in  Fig,  (5.3. 

The  second  important  reason  why  the  solar  days  vary 
in  length  is  that  the  sun  moves  ea.stward  along  the  ecliptic 
and  not  along  the  equator.  For  simplicity,  neglect  the 
eccentricity  of  the  earth's  orbit  and  the  lack  of  uniformity  of 
the  angular  motion  of  the  sun  along  the  ecliptic.     Consider 
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the  time  wlicn  the  sun  is  upar  the  vernal  equinox.  Since 
the  Pi'liptic  intrr.sects  the  (Miiiittor  at  an  annlc  of  23°.5,  onlj'' 
one  eom|H)nent  uf  the  sun's  motion  is  directly  eastward. 
However,  the  reduction  is  somewhat  less  than  might  be 
imtiRinefl  for  so  large  an  inclination  and  amounts  to  only 
about  10  per  cent.  When  the  sun  is  near  the  autumnal 
equinox  the  situation  is  the  .same  except  that,  at  this  time, 
one  component  of  the  sun's  motion  is  toward  the  south. 
At  these  twi>  times  in  the  year  the  sun's  apparent  motion 
eastward  is  less  than  it  would  utUerwise  be,  and,  conse- 
quently, the  solar  days  are  shorter  than  the  average.  At  the 
solstires,  midway  between  these  two  periods,  the  sun  is 
moving  approximately  along  the  ares  of  small  circles;  23°.5 
from  the  equator,  and  its  nuKular  motion  eastward  is  cor- 
respondingly faster  than  the  average.  Therefore,  so  far 
Oif  the  inclination  of  the  ecliptic  is  concerned,  the  solar  days 
are  longest  about  December  21  and  .June  21,  antl  shortest 
alwut  March  21  and  September  23.  The  lengths  of  the 
solar  days,  so  far  as  they  depend  upon  the  incUnation  of 
the  eeli[itie.  are  shown  by  the  dotted  curve  in  Fig.  03. 

Now  cimsider  the  combined  elTeets  of  the  eeceutrieity  of 
the  earth's  orbit  and  the  inclination  of  the  ecliptic  on  the 
lengths  of  the  solar  days.  Of  these  two  influences,  the 
inclination  of  the  ecliptic  i.s  con.siderably  the  more  impor- 
tant. On  the  first  of  January  they  both  make  the  solar  day 
longer  than  the  average.  .\t  the  vernal  equinox  the  eccen- 
tricity has  only  a  slight  effect  on  the  length  of  the  solar  day, 
while  the  obliquity  of  the  ecUptic  makes  it  shorter  than  the 
average.  On  June  21  the  effect  of  the  eccenlrieity  is  to 
make  the  solar  <lay  shorter  than  the  average,  while  the  effect 
of  the  obliquity  of  the  ecliptic  is  to  make  it  longer  than  the 
average.  At  the  autumnal  equinox  the  eccentricity  has 
only  a  slight  im]>ortance  and  the  obliquity  of  the  ecliptic 
makes  the  solar  day  shorter  than  the  average. 

The  two  influences  together  give  the  following  result : 
The  longest  day  in  the  year,  from  noon  to  noon  by  the  sun. 
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is  about  December  22,  after  which  the  solar  day  decreases 
continually  in  length  until  about  the  26th  of  March;  it 
then  increases  in  length  until  about  June  21  ;  then  it  decreases 
in  length  until  the  shortest  day  in  the  year  is  reached  on 
September  17 ;  and  then  it  increases  in  length  continually 
until  December  22.  On  DeceniIxT  22  (he  solar  diiy  is  about 
A  minutes  and  26  secomls  of  mean  solar  time  [Art.  108] 
longer  than  the  sidereal ;  on  March  26  it  is  3  minutes  and 
38  seconds  longer;  on  June  21  it  is  4  minutes  9  seconds 
longer;  and  on  September  17  it  is  3  minutes  and  35  seconds 
longer.  The  combined  results  are  shown  by  the  full  Unc  in 
Fig.  63.  The  difTereiice  in  length  between  the  longest  and 
the  shortest  day  in  the  year  is,  llierefore,  about  51  seconds  of 
mean  solar  time.  White  this  difference  for  most  purposes 
is  not  imix)rtant  in  a  single  day,  it  accumulates  and  gives 
rise  to  what  is  kncjwn  as  the  equation  of  time  (Art.  109). 

It  might  seem  that  it  would  be  sensible  for  astronomers  to 
neglect  the  differences  in  the  lengths  of  the  .solar  days, 
espwially  as  the  change  in  length  from  one  (lay  to  the  next 
is  very  small.  Only  an  accurate  clock  would  show  the  dis- 
parity in  their  lengths,  and  their  slight  ilifTerences  would  be 
of  no  importance  in  ordinary  affairs.  But  if  astronomers 
should  use  the  rotation  of  the  earth  with  resjiect  to  the 
sun  as  defining  equal  intervals  uf  time,  they  would  be 
employing  a  varying  staiutanl  and  they  wouM  find  a[)j)arent 
irregtilarities  in  the  revolution  of  the  earth  and  in  all  other 
celestial  motions  which  they  could  not  bring  under  any  fixed 
laws.  This  illustrates  t!ie  extreme  sensitiveness  of  a.stro- 
nomical  theories  to  even  .slight  errors. 

108.  Mean  Solar  Time.  —  Since  the  ordinary  activities 
of  mankind  are  deju'iidi^nt  largely  ujKjn  the  period  of  day- 
light, it  is  desirable  for  practical  purjMseH  to  have  a  unit  of 
time  based  in  some  way  u]>on  the  rotation  of  the  earlli  with 
ri^pect  to  the  sun.  On  the  other  hand,  it  is  undesirable  to 
have  a  unit  of  variable  length.  Consequently,  the  jnean 
tolar  day,  which  has  the  average  length  of  all  the  solar  days 
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of  the  year,  is  introduced.  In  sidereal  time  its  length  is 
24  hours,  3  minutes,  and  56.555  seconds. 

The  mean  solar  day  is  divided  into  24  mean  solar  hours, 
the  hours  into  60  mean  solar  minutes,  and  the  minutes  into 
60  mean  solar  seconds.  These  are  the  hours,  minutes,  and 
seconds  in  common  use,  and  ordinary  timepieces  are  made 
to  keep  mean  solar  time  as  accurately  as  possible.  It  would 
be  very  difficult,  if  not  impossible,  to  construct  a  clock  that 
would  keep  true  solar  time  with  any  high  degree  of  precision. 

109.  The  Equation  of  Time.  —  The  difference  between  the 
true  solar  time  and  the  mean  solar  time  of  a  place  is  called 
the  equation  of  time.  It  is  taken  with  such  an  algebraic  sign 
that,  when  it  is  added  to  the  mean  solar  time,  the  true  solar 
time  is  obtained.' 

The  date  on  which  noon  by  mean  solar  time  and  true  solar 
time  shall  coincide  i.s  arbitrary,  but  it  is  so  chosen  that  the 
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Fig.  04.  —  The  equation  of  time. 
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differences  between  the  times  in  the  two  systems  shall  be 
as  small  as  possible.  On  the  24th  of  December  the  equation 
of  time  is  zero.  It  then  becomes  negative  and  increases 
numerically  until  February  11,  when  it  amounts  to  about 
—  14  minutes  and  25  seconds;  it  then  increases  and  passes 
through  zero  about  .\pril  15,  after  which  it  becomes  positive 
and  reaches  a  value  of  3  minutes  48  seconds  on  May  14 ; 
it  then  decreases  and  passes  through  zero  on  June  14  and 
becomes  —6  minutes  and  20  seconds  on  July  26;    it  then 

'  This  \a  the  pn^.scnt  practice  of  the  American  Ephcmcris  and  Nautical 
Almanac ;  it  waa  formerly  the  opiwsite. 
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jncreasf*  and  passes  through  zero  on  September  1  and 
becomes  16  minutes  and  21  seconds  on  November  2,  after 
which  it  continually  decreases  until  December  24.  The 
results  are  given  grai)hically  in  Fig.  04.  The  dates  may 
vary  a  day  or  two  from  those  given  because  of  the  leap  year, 
and  the  amounts  by  a  few  seconds  because  of  .the  shifting  of 
the  dutei5. 

Some  interesting  results  follow  from  the  equation  of  time. 
For  example,  on  December  24  the  equation  of  time  is  zero, 
but  the  solar  day  is  al)oiit  ;}()  seconds  lunger  than  the  mean 
solar  day.  C-onsequently,  the  next  day  the  sun  will  be  about 
30  seconds  slow;  that  is,  noon  by  the  mean  solar  clock  has 
shifted  alx>ut  30  seconds  with  respect  to  the  sun.  As  the 
sun  has  just  pas-sed  the  winter  solstice,  the  period  from  sun- 
rise- to  simset  for  the  northern  hemisphere  of  (he  earth  is 
slowly  increasing,  the  exact  amount  depeniling  iiimn  the 
latitude.  For  latitude  40°  N.  the  gain  in  the  forenoon  result- 
ing from  the  earlier  rising  of  the  sun  is  less  than  the  loss 
from  the  sliifting  of  the  time  of  the  noon.  Conse()uently, 
almanacs  will  show  that  the  forenoons  are  getting  shorter 
at  tJiis  time  of  the  year,  although  the  whole  period  between 
stmrise  and  suu.set  is  increasing.  The  ditTerencc  in  the 
lengths  of  the  forenoons  and  afternoons  may  accumulate 
until  it  amount.s  to  nearh'  half  an  hour. 

110.  Standard  Time.  —  The  mean  solar  time  of  a  place 
is  called  its  local  tinie.  .\ll  places  having  the  same  longitude 
have  the  same  local  time,  but  places  having  liifferent  longi- 
tudes have  different  local  times.  The  circumference  of  the 
earth  is  nearly  25,0(X)  miles  and  15°  correspond  to  a  difference 
of  one  hour  in  local  lime.  Consequently,  at  the  earth's 
equator,  17  miles  in  longitude  give  a  difference  of  about  one 
minute  in  local  time.  In  latitudes  40°  to  45°  north  or  south 
13  to  12  miles  in  longitude  give  a  rlifference  of  one  minute 
in  local  time. 

If  every  place  along  a  railroad  extending  east  and  west 
ehould  keep  its  own  local  time,  there  would  be  endless  con- 
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fasion  and  great  danger  in  running  trains.  In  order  to  avoid 
tiit>^p  difficulties,  it  has  ite»^n  agreed  that  all  plaees  whose 
loeal  times  do  not  difTer  inore  thun  half  an  lioiir  from  that  of 
some  convenient  meridiiin  shall  use  the  local  time  of  that 
meridian.  Tims,  while  the  extreme  difference  in  loc.-d  time 
of  places  using  the  Ideal  time  of  the  siinie  meriilinn  may  be 
about  an  hour,  neither  of  them  differs  more  Ihsiii  about  half 
an  hour  from  its  standard  time.  In  this  manner  a  strip  of 
country  about  750  miles  wide  in  latitudes  35°  to  45°  uses 
the  same  time,  and  the  next  strip  of  the  same  width  an  hour 
different,  and  s<3  on.  The  local  time  of  the  standard  meridian 
of  ejich  strip  is  the  stnmliin!  limr  nf  that  strip. 

At  present  standard  time  is  in  use  in  nearly  every  civilized 
part  of  the  earth.  The  United  Stiites  and  British  America 
are  of  such  great  extent  in  longitude  that  it  is  nece.ssarj'  to 
use  four  hours  of  standard  time.  The  eastern  portion  u.ses 
what  is  calleil  Eastern  Time.  It  is  the  locn!  time  of  the 
meridian  5  hours  west  of  Greenwich.  This  meridian  runs 
through  Philadelphia,  and  in  this  city  local  time  and  standard 
time  are  identical.  At  places  e;i.st  of  this  meridinn  it  is  later 
by  local  time  than  by  standard  time,  the  difference  being 
one  minute  for  12  or  13  miles.  At  places  west  of  this  meridian, 
but  in  t!ie  Eastern  Time  division,  it  is  earlier  liy  local  time 
than  liy  standard  time.  Tlie  next  division  to  the  westward 
is  called  Central  Time.  It  is  the  local  time  of  the  meridian 
6  hours  west  of  Greenwich,  which  pai'ses  through  St.  Louis. 
The  next  time  di\'ision  is  called  Mountain  Time.  It  is  the 
local  time  of  the  meridian  7  hours  west  of  Greenwich.  This 
meridian  passes  through  Denver.  The  last  time  division 
is  called  Pacific  Time.  It  is  the  local  time  of  the  meridian 
8  hours  west  of  Greenwich.  This  meridian  pa.sses  about  100 
miles  ea-st  of  San  Francisco. 

If  the  exact  divisions  were  used,  the  boundaries  between 
one  time  division  and  the  next  would  be  7°.5  east  and  west  of 
the  standard  meridian.  .\s  a  matter  of  fact,  the  boundaries 
are  quite   irregular,   depending   upon   the  convenience  of 
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ideal  standard  divisions.     Moreover,  many  towns  near  the 
borders  of  the  finic  zones  do  not  use  stiindiinl  time. 

111.  The  Distribution  of  Time.  —  The  aeeurate  deter- 
mination of  time  find  its  distriljution  are  of  much  impor- 
tance. There  are  several  methods  by  which  time  may  be 
determinetl,  but  the  one  in  common  use  is  to  obser\'e  the 
IransitxS  of  stars  acro.ss  the  merifhan  and  thus  to  obtain  the 
sidereal  time.  From  the  mathematical  theorj'  of  the  earth's 
motion  it  is  then  possible  to  compute  the  mean  solar  time. 
It  might  be  supjwsed  that  it  would  be  easier  to  find  mean 
solar  time  by  observing  the  transit  of  the  sun  across  the 
meridian,  but  this  is  not  true.     In  the  first  place,  it  is  much 


180     AN   INTRODUCTION  TO  ASTRONOMY     [oh.  vi,  111 

more  difficult  to  determine  the  exact  time  of  the  transit 
of  the  sun's  center  than  it  is  to  determine  the  time  of  the 
transit  of  a  star ;  and,  in  the  second  place,  the  sun  crosses  the 
meridian  but  once  in  24  hours,  while  many  stars  may  be 
observed.  In  the  third  place,  observations  of  the  sun  give 
true  solar  time  instead  of  mean  solar  time,  and  the  com- 
putation necessary  to  reduce  from  one  to  the  other  is  as  diffi- 
cult as  it  is  to  change  from  sidereal  time  to  mean  solar  time. 
It  remains  to  explain  how  time  is  distributed  from  the 
places  where  the  observations  are  made.  In  most  countries 
the  time  service  is  under  the  control  of  the  government, 
and  the  time  signals  are  sent  out  from  the  national  observa- 
tory. For  example,  in  the  United  States,  the  chief  source 
of  time  for  railroads  and  commercial  purposes  is  the  Naval 
Observatory,  at  Georgetown  Height-s,  Washington,  D.C. 
There  are  three  liigh-grade  clocks  keeping  standard  time 
at  this  observatory.  Their  errors  are  found  from  observations 
of  the  stars ;  and  after  applying  corrections  for  these  errors, 
the  mean  of  the  three  clocks  is  taken  as  giving  the  true 
standard  time  for  the  successive  24  hours.  At  5  minutes 
before  noon,  Eastern  Time,  the  Western  Union  Telegraph 
Company  and  the  Postal  Telegraph  Company  suspend  their 
ordinary  business  and  throw  their  lines  into  electrical  con- 
nection with  the  standard  clock  at  the  Naval  Observatory. 
The  connection  is  arranged  so  that  the  sounding  key  makes 
a  stroke  every  second  during  the  5  minutes  preceding  noon 
except  the  twenty-ninth  second  of  each  minute,  the  last  5 
seconds  of  the  fourth  minute,  and  the  last  10  seconds  of  the 
fifth  minute.  This  gives  many  opportunities  of  determin- 
ing the  error  of  a  clock.  To  sinii)lify  matters,  clocks  are 
connected  so  as  to  l)c  automatically  regulated  by  these 
signals,  and  there  are  at  present  more  than  30,000  of  them 
in  use  in  this  coimtrv.  The  time  signals  are  sent  out  from 
the  Naval  Observatory  with  an  error  usually  less  than  0.2 
of  a  second ;  but  frequently  this  is  considerably  increased 
when  a  system  of  relays  must  be  used  to  reach  great  distances. 
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These  noon  signals  also  operate  time  balls  in  18  ports  in 
the  United  States.  This  device  for  furnishing  time,  chiefly 
to  boat  captains,  consists  of  a  large  liall  which  is  dropped  at 
noon,  Eastern  Time,  from  a  considerable  heiglit  at  con- 
spicuous ix)ints,  by  means  of  electrical  connection  with  the 
Naval  Observatory. 

Time  for  the  extreme  western  part  of  the  United  States 
is  distributed  from  the  Mare  Island  Navy  Yard  in  California  ; 
and  beside.s,  a  number  of  college  observatories  have  lieen 
furnishing  time  iv  particular  railroad  .systems.  Naturally 
most  observatorie-s  regularly  determine  time  for  their  own 
use,  though  with  the  accurate  distribution  of  time  from 
Washington  the  need  for  this  work  is  disappearing  except 
in  cert4iin  special  probli-nis  of  i^tar  jKisitions. 

112.  Civil  and  Astronomical  Days.  —  The  civil  day  begins 
at  midnight,  for  then  business  is  ordinarilj'  suspended  and 
the  date  can  be  changed  with  least  inconvenience.  The 
astronomical  day  of  the  same  date  begins  at  noon,  12  hours 
later ;  because,  if  the  change  were  made  at  midnight,  astron- 
omers might  find  it  necessary  to  change  the  date  in  the 
midst  of  a  set  of  ob.servations.  It  is  true  that  n»uny  observa- 
tions of  the  sun  and  some  other  bodies  are  made  in  the  day- 
time, but  of  course  mott  observational  work  is  done  at  night. 
The  hours  of  the  astronomical  day  are  numbered  up  to  24, 
just  as  in  the  case  of  sidereal  time. 

113.  Place  of  Change  of  Date.  —  If  one  should  start  at 
any  point  on  the  eartli  and  go  entirely  around  it  w<'stward, 
the  number  of  times  the  sun  would  cross  his  meridian  would 
l)e  one  less  than  it  would  have  been  if  he  had  stayed  at  home. 
Since  it  would  be  veiy  inconvenient  for  him  to  usi'  fractional 
dates,  he  would  count  his  day  from  midnight  to  midnight, 
whatever  his  iongi(ude,  and  correct  the  increasing  difference 
from  the  time  of  his  .starting  point  by  arliitrarily  changing 
his  date  one  day  forward  at  some  point  in  his  journey.  That 
is,  he  would  omit  one  date  and  day  of  the  week  from  hia 
reckoning.     On  the  other  hanil,  if  he  were  going  around  the 
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earth  eastward,  he  would  give  two  days  the  same  date  and 
day  of  the  week.  The  change  is  usually  made  at  the  180th 
meridian  from  Greenwich.  This  is  a  particularly  fortunate  i 
selection,  for  the  180th  meridian  scarcely  passes  through  any 
land  surface  at  all,  and  then  only  small  islands.  One  can 
easily  see  how  troublesome  matters  would  be  if  the  change 
were  made  at  a  meridian  pitssing  through  a  thickly  popu- 
lated region,  say  the  meridian  of  Greenwich.     On  one  side 


Fiu,  00.  —  Tho  chaiige-of-date  line. 

of  it  people  would  have  a  certain  day  and  date,  for  example, 
Monday,  December  24,  and  on  the  other  aide  of  it  a  day 
later,  Tuesday,  December  25. 

The  place  of  actual  change  of  date  does  not  strictly  follow 
the  180th  meridian  from  Greenwich,  for  travelers,  going 
eastward  from  Europe,  lose  half  a  day,  while  tho.se  going 
westward  from  Europe  and   America  arrive  in  the  same 
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longitude  with  a  gain  of  half  a  day  ;  hence  their  dates  differ 
by  one  day.     The  changp-of-datp  h'ne  is  shown  in  Fig.  66. 

114.  The  Sidereal  Year.  —  The  sidereal  year  is  the  time 
required  for  the  sun  apparently  to  move  from  any  position 
with  respect  to  the  stars,  as  seen  from  the  earth,  around  to 
the  same  position  again.  Perhaps  it  is  better  to  say  that  it 
is  the  time  required  for  the  earth  to  make  a  complete  revolu- 
tion around  the  sun,  directions  from  the  sun  being  deter- 
mined by  the  positions  of  the  stars.  Its  length  in  mean 
solar  time  is  365  days,  6  hours,  9  minutes,  9. .54  seconds,  or 
just  a  little  more  than  365.25  days. 

116.  The  Anomalistic  Year.  —  The  anomalistic  year  is 
the  time  required  for  the  earth  to  move  from  the  jierihelion 
of  its  orbit  around  to  the  perihelion  again.  If  the  perihelion 
point  were  fixed,  this  period  would  equal  the  sidereal  year. 
But  the  attraction  of  the  other  planets  causes  the  perihelion 
point  to  move  forward  at  such  a  rate  that  it  completes  a 
revolution  in  about  I08,0(K)  years ;  and  the  consequence  is 
that  the  anomalistic  year  is  a  little  longer  than  the  sidereal 
year.  It  follows  from  the  period  of  its  revolution  that  the 
perihelion  point  advances  about  12"  annually.  Since  the 
earth  moves,  on  the  average,  about  a  degree  daily,  it  takes  it 
about  4  minutes  and  40  seconds  of  time  to  move  12".  The 
actual  length  of  the  anomalistic  year  in  mean  solar  time  is 
365  days,  6  hours,  13  minutes,  53.01  seconds. 

116.  The  Tropical  Year.  —  The  tropical  year  is  the  time 
required  for  the  sun  to  move  from  a  tropic  around  to  the 
same  tropic  again ;  or,  better  for  practical  determination, 
from  an  equinox  to  the  sanie  equinox  again.  Since  the 
equinoxes  regress  about  50". 2  annually,  the  tropical  year  ia 
about  20  minutes  shorter  than  the  sidereal  year.  Its  actual 
length  in  mean  solar  time  is  365  days,  5  hours,  48  minutes, 
45.92  seconds. 

The  seasons  depend  upon  the  sun's  place  with  respect 
to  the  equinoxes.  Consequently,  if  the  seasons  are  always 
to  occur  at  the  same  time  according  to  the  calendar,  the 
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tropical  year  must  be  used.  This  is,  indeed,  tlie  year  in 
common  use  and,  unless  otiierwise  specified,  the  term  year 
means  the  iropical  yt'ar. 

117.  The  Calendar.  —  In  very  ancient  times  the  calendar 
was  based  largely  on  the  nutiioiis  of  the  moon,  whose  phases 
determined  the  times  of  religious  ceremonies.  The  moon 
does  not  make  an  integral  number  of  revolutions  in  a  year, 
and  hence  it.  was  occasionally  necessary  to  interpolate  a 
month  in  order  to  keep  the  year  in  harmony  with  the  seasons. 

The  week  was  another  division  of  time  used  in  antiquity. 
The  number  of  days  in  this  period  wa.'*  undoubtedly  based 
upon  the  number  of  moving  celestial  boilies  which  were  then 
known.  Thus,  Sunday  was  the  sun's  day ;  Monday,  the 
moon's  day ;  Tuesday,  Mars'  day ;  Wednesday,  Mercury's 
day ;  Thursday,  Jupiter's  day  ;  Friday,  Venus's  day ;  and 
Saturday,  Saturn's  day.  The  names  of  the  days  of  the 
week,  when  traced  back  to  the  tongues  from  which  English 
has  been  derived,  show  that  these  were  their  origins. 

In  the  year  46  n.c.  the  Roman  calendar,  which  hatl 
fallen  into  a  state  of  great  confusion,  was  reformed  by 
Julius  Ceesar  untler  the  advice  of  an  Alexandrian  astronomer, 
Sosigenes.  The  new  system,  called  the  JuUan  Calendar, 
was  entirely  independent  of  the  moon;  in  it  there  were  3 
years  of  3(i5  tiays  each  and  then  one  year,  tlie  leap  year,  of 
366  days.  This  mode  of  reckoning,  which  makes  the  aver- 
age year  consist  of  365.25  days,  was  put  into  effect  at  the 
beginning  of  the  year  45  b.c. 

It  is  seen  from  the  length  of  the  tropical  year,  which  was 
g:iven  in  Art.  116,  that  this  system  of  calculation  involves  a 
small  error,  averaging  11  mitmtes  and  14  seconds  yearly. 
In  the  course  of  128  j'ears  the  Julian  Calendar  gets  one  day 
behind.  To  remedy  this  small  error,  in  1.582,  Pope  Gregory 
XIII  introduced  a  slight  change.  Ten  days  were  omitted 
from  that  year  by  making  October  15  follow  immediately 
after  October  4,  and  it  was  decreed  that  3  leap  years  out  of 
every  4  centuries  should  henceforth  be  omitted.    This  again 
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is  not  quite  exact,  for  the  Julian  Calendar  gets  behind  3 
(lays  in  3  X  128  =  384  years  instead  of  400  years;  yet 
the  error  does  not  amount  to  a  day  until  after  more  than  3300 
years  have  elapsed. 

To  simplify  the  application,  every  year  whose  date 
numljer  is  exactly  divisible  by  4  is  a  leap  year,  unless  it  is 
exactly  divisible  by  iOU.  Those  years  whose  date  numbers 
are  divisible  by  100  are  not  leap  years  unless  they  are  exactly 
divisible  by  400,  when  they  are  leap  yeare.  Of  course,  the 
error  which  still  remains  could  be  further  reduced  by  a  rule 
for  the  leap  years  when  the  date  number  is  exactly  divisible 
by  100<J,  but  there  is  no  immcfliate  necrl  for  it. 

The  calendar  originated  and  introduced  by  Pope  Gregory 
XIII  in  1582,  an«l  known  as  the  Gregorian  Calendar,  is  now 
in  use  in  all  civ-ili/od  countries  e.vcept  Ru.ssia  and  Greece, 
although  it  was  not  adopted  in  England  until  1752.  At  that 
time  1 1  days  had  to  be  omitted  from  the  year,  causing  con- 
siderable disturbance,  ffir  many  pcftijle  imagined  they  were 
in  some  way  being  cheated  out  of  that  much  time.  The 
Julian  Calendar  is  now  13  days  behind  the  Gregorian  Calen- 
dar. The  Julian  Calendar  is  called  Old  Style  (O.S.),  and 
the  Gregorian,  New  Style  (N.S.). 

In  certain  astronomical  work,  such  as  the  discussion  of  the 
observations  of  variable  stars,  where  the  difference  in  time  of 
the  occurrence  of  phenomena  is  a  [joint  of  much  interest,  the 
Julian  Day  is  used.  The  Julian  Day  is  simply  the  number 
of  the  day  counting  forward  from  January  1,  4713  b.c.  Tins 
particular  date  from  which  to  count  time  was  chosen  because 
that  year  was  the  first  year  in  several  subsidiary  cycles, 
which  will  not  be  considered  here. 

118.  Finding  the  Day  of  the  Week  on  Any  Date.  —  An 
ordinary  year  of  365  days  consists  of  52  weeks  and  one  day, 
and  a  leap  year  consists  of  52  weeks  and  2  tiays.  Conse- 
quently, in  succeeding  years  the  same  date  falls  one  day 
later  in  the  week  except  when  a  twenty-ninth  of  February 
intervenes ;   and  in  this  case  it  is  two  days  later.    These 
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facts  give  the  basis  for  determining  the  day  of  the  week  on 
which  any  date  falls,  after  it  has  been  given  in  a  particular 
year. 

Consider  first  the  problem  of  finding  the  day  of  the  week 
on  which  January  1  falls.  In  the  year  1900  January  1  fell 
on  Monday.  To  fix  the  ideas,  consider  the  question  for 
1915.  If  every  year  had  been  an  ordinary  year,  January  1 
coming  one  day  later  in  the  week  in  each  succeeding  year, 
it  would  have  fallen,  in  1915,  15  days,  or  2  weeks  and  one 
day,  after  Monday ;  that  is,  on  Tuesday.  But,  in  the 
mean  tune  there  were  3  leap  years,  namely,  1904,  1908, 
and  1912,  which  put  the  date  3  additional  days  forward  in 
the  week,  or  on  Friday.  Similarly,  it  is  seen  in  general 
that  the  rule  for  finding  the  day  of  the  week  on  which 
January  1  falls  in  any  year  of  the  present  century  is  to  take 
the  number  of  the  year  in  the  century  (15  in  the  example 
just  treated),  add  to  it  the  number  of  leap  years  which  have 
passed  (which  is  given  by  dividing  the  number  of  the  year 
by  4  and  neglecting  the  remainder),  divide  the  result  by 
7  to  eliminate  the  number  of  weeks  which  have  passed,  and 
finally,  count  forward  from  Monday  the  number  of  days 
given  by  the  remainder.  For  example,  in  1935  the  number 
of  the  year  is  35,  the  immber  of  leap  years  is  8,  the  sum  of 
35  and  8  is  43,  and  43  divided  by  7  equals  ti  with  the  remain- 
der of  1.  Hence,  in  1935,  January  1  will  be  one  day  later 
than  Monday;   that  is,  it  will  fall  on  Tuesday. 

In  order  to  find  the  day  of  the  week  on  which  any  date  of 
any  year  falls,  find  first  the  day  of  the  week  on  which  Janu- 
ary  1  falls ;  then  take  the  day  of  the  year,  which  can  be 
obtained  by  adding  the  number  of  days  in  the  year  up  to  the 
date  in  question,  and  divide  this  by  7  ;  the  remainder  is  the 
number  of  days  that  ntust  be  added  to  that  on  which  Janu- 
ary 1  falls  in  order  to  obtain  the  day  of  the  week.  For 
example,  consider  March  21,  1935.  It  has  been  found  that 
January  1  of  this  j'car  falls  on  Tuesday.  There  are  79  days 
from  Januarj'  1  to  March  21  in  ordinary  years.     If  79  ia 
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divided  by  7,  the  quotient  is  11  with  the  remainder  of  2. 
Consequentlj',  March  21,  1935,  falls  2  days  after  Tuesday, 
that  is,  on  Thursday. 


IX.    QUESTIONS 

1.  Give  Ihiw  examples  where  intervals  of  time  in  which  you 
have  had  many  and  varied  intellectual  experienees  now  seem  longer 
than  ordinary  intervals  of  the  sam«'  length.  Have  you  had  any  con- 
tradictory experiences  ? 

2.  If  the  sky  were  always  covered  with  clouds,  how  should  we 
measure  time? 

3.  What  is  your  sidereal  time  to-day  at  8  p.m.  ? 

4.  What  would  be  the  relations  of  solar  time  to  sidereal  time  if 
the  earth  rotated  in  the  opposite  direction  ? 

5.  What  is  the  length  of  a  sidereal  day  expressed  in  mean  solar 
tame? 

6.  What  is  the  standard  time  of  a  place  whose  longitude  is  85° 
west  of  Greenwich  when  its  looal  time  is  11  a.m.  7 

7.  What  is  the  local  time  of  a  (>la(!e  whose  longitude  is  112°  west 
of  Greenwich  when  its  standard  (ime  is  .S  p.m.  ? 

8.  Suppose  a  person  were  ablo  to  travel  around  the  earth  in  2 
days ;  what  would  he  the  lengths  of  his  days  and  nights  if  he  traveled 
from  east  to  west  ?    Prom  west  to  east  ? 

9.  If  the  sidereal  year  were  in  ordinary  use,  how  long  before 
Christmas  would  occur  when  the  sun  is  at  the  vernal  equinox? 

10.   On  what  days  of  the  week  will  your  birthday  fall  for  the  next 
12  years? 
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119.   The  Moon's  apparent  Motion  among  the  Stars.  — 

The  a|)parcnt  inutioii  uf  Uii-  moon  can  Ijc  deterniincd  by 
ob.sprvation  without  any  particular  rpference  to  its  actual 
motion.  In  fiu-t,  the  ancient  (Jrcoks  ohsorvcd  the  moon 
with  great  care  and  learned  mo.st  of  the  important  p)ecul- 
iaritie.s  of  its  Jipparcnt  motion,  but  they  did  not  know  its 
di.stanco  from  the  eartli  and  had  no  accurate  ideas  of  the 
character  of  its  orbit.  Tlie  nntural  mctliod  of  procedure  is 
first  to  find  what  the  appearances  are,  and  from  them  to 
infer  the  actual  facts. 

The  luoon  has  a  tliurnal  motion  westward  which  is  pro- 
duced, of  course,  by  the  eastward  rotation  of  the  earth. 
Every  one  is  familiar  with  the  fact  that  it  rises  in  the  east, 
goes  across  the  sky  westward,  and  sets  in  the  west.  Those 
who  have  observed  it  except  in  the  most  casual  way,  have 
noticed  that  it  rises  at  variouH  point.s  on  the  eji.'itern  horizon, 
crosses  the  meridian  at  various  altitudes,  and  sets  at  various 
points  on  the  western  horizon.  They  have  also  noticed  that 
the  interval  between  its  success've  passages  across  the 
meridian  is  somewhat  more  than  24  houi-s. 

Observations  of  the  moon  for  two  or  three  hours  will  show 
that  it  is  movinp:  eastward  among  the  stars.  W'lien  its  path 
is  carefully  traced  out  during  a  whole  revolution,  it  is  found 
that  it-s  apparent  orbit  is  a  great  circle  which  is  inclined  to 
the  ecliptic  at  an  angle  of  5°  9'.  The  point  at  which  the 
moon,  in  its  motion  eastward,  cro.s.ses  the  ecliptic  from  south 
to  north  is  called  the  ascending  node  of  its  orbit,  and  the 
point  where  it  cro.s.ses  the  ecliptic  from  north  to  south  is 
called  the  descending  node  of  its  orbit.    The  attraction  of  the 
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sun  for  the  moon  causes  the  nodes  continually  to  regress  on 
the  ecHptic ;  that  is,  in  successive  revolutions  the  moon 
crosses  the  ecliptic  farther  and  farther  to  the  west.  The 
pcrio<l  of  rc^voliition  of  the  line  of  iKides  is  18. (i  years. 

120.  The  Moon's  Syoodical  and  Sidereal  Periods.  —  The 
synodical  period  of  the  moon  is  the  time  required  for  it  to 
move  from  any  apparent  position  with  respect  to  the  sim 
back  to  the  same  position  again.  The  most  accurate  means 
of  determining  this  pcriotl  is  hy  comparing  ancient  and 
mo<lern  eclipses  of  the  sun  ;  for,  at  the  f  ime  of  a  solar  eclipse, 
the  moon  is  exactly  between  the  earth  and  the  sun.  The 
advantages  of  this  method  are  that,  in  the  first  place,  at  the 
epochs  used  the  exact  positions  of  the  moon  witli  respect  to 
the  8un  are  known  ;  and,  in  the  second  place,  in  a  long  inter- 
val during  which  the  moon  has  made  hundreds  or  even 
thousands  of  revolutions  around  the  earth,  the  errors  in  the 
determinations  of  the  exact  t  imes  of  the  eclipses  are  rela- 
tively unimportant  because  they  are  divided  by  the  number 
of  revolutions  the  moon  has  performed.  It  has  Ix-en  found 
in  this  way  that  the  .synodical  period  of  the  moon  is  2!)  days, 
12  hours,  44  minutes,  and  2.8  .seconds ;  or  29.530588  days, 
with  an  uncertainty  of  less  than  one  tenth  of  a  second. 

The  sidereal  period  of  the  moon  is  the  time  required  for 
it  to  move  from  any  apparent  position  with  respect  to  the 
stars  back  to  the  same  position  again.  This  period  can  be 
found  by  direct  ob.servations ;  or,  it  can  be  comi)uted  from 
the  synodical  period  and  the  period  of  the  earth's  revolution 
around  the  sun.  Let  S  represent  the  moon's  synodical 
period,  M  its  sidereal  period,  and  E  the  pcrioil  of  the  earth's 
revolution  around  the  sun,  all  expressed  in  the  same  units  as, 
for  example,  days.  Then  1  \f  is  the  fraction  of  a  revolution 
that  the  moon  moves  ea.'^tward  in  one  day,  1  E  is  the  fraction 
of  a  revolution  that  the  sim  moves  eastward  in  one  day, 
and  1  M-  1 '  E  is,  therefore,  the  fraction  of  a  revolution  that 
the  moon  gains  on  the  sun  in  its  eastward  motion  in  one  day. 
Since  the  moon  gains  one  complete  revolution  on  the  sun  in 
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S  days,  l/S  is  also  the  fraction  of  a  revolution  the  moon 
gains  on  the  sun  in  one  day.     Hence  it  follows  that 

1__   1 J_ 

6*       M     E' 

from  which  -1/  can  be  computed  when  S  and  E  arc  known. 

It  is  easy  to  see  that  the  synodical  period  is  longer  than 
the  sidereal.  Suppose  the  sun,  moon,  and  certain  stars  are 
at  a  given  instant  in  the  same  straight  line  as  seen  from  the 
earth.  After  a  certain  mmilier  of  days  the  moon  will  have 
made  a  sidereal  revolution  and  the  .sun  will  have  moved  east- 
ward among  the  stars  a  certain  number  of  degrees.  Since 
additional  time  is  required  for  the  moon  to  overtake  it,  the 
synodical  period  is  longer  than  the  sidereal. 

It  has  been  found  by  direct  observations,  and  also  by  the 
equation  above,  that  the  moon's  sidereal  period  is  27  days, 
7  hours,  43  minutes,  and  11. .5  seconiis,  or  27.32106  days. 
When  the  period  of  the  moon  is  referred  to,  the  sidereal 
period  is  meant  unless  otherwise  stated. 

The  periods  which  have  Iwen  given  are  averages,  for  the 
moon  departs  somewhat  from  its  elliptical  orbit,  primarily 
because  of  the  attraction  of  (he  sun,  and  to  a  lesser  extent 
because  of  the  oblateness  of  the  earth  and  the  attractions  of 
the  planets.  The  variations  from  the  average  are  sometimes 
quite  appreciable,  for  the  perturbations,  as  they  are  called, 
may  cause  the  moon  to  depart  from  its  undisturbed  orbit 
about  1  "..">,  and  may  cause  its  period  of  revolution  to  vary  by 
as  much  as  2  hours. 

121.  The  Phases  of  the  Moon.  —  The  moon  shines  en- 
tirely by  reflected  sunlight,  and  consequently  its  appearance 
as  seen  from  the  earth  depends  upon  its  position  relative  to 
the  sun.  Figure  67  shows  eight  positions  of  the  moon  in  its 
orbit  with  the  sun's  rays  coming  from  the  right  in  lines  which 
are  essentially  parallel  because  of  the  great  distance  of  the 
suii.  The  left-hand  si<le  of  the  earth  is  the  night  side,  and 
similarly  the  left  side  of  the  moon  is  the  dark  side. 
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The  Btnall  circles  whose  centers  arc  on  the  large  circle 

around  the  earth  as  a  center  show  the  illuminated  and  un- 

illuminated  parts  of  the  moon  as  they  actually  an- ;    the 

accompanying  small  circles  just  outside  of  the  large  circle 

show    the  moon   as 

it  is  seen   from   the 

earth.    For  example, 

when   the    moon    is 

at   Ml  between   the 

earth    and    sun,   its 

dark  side  is  toward 

the  earth.      In  this 

position  it  is  said  to 

be    in    conjunction, 

and  the  phase  is  nru>. 
«.      .»      Ulf       fth        FiQ.  67. — Explanation  of  the  moon's  phases. 

illuminated  part  of  the  moon  can  be  seen  from  the  earth,  and 
it  Ls  in  the  first  quarter.  In  this  ponition  the  moon  is  said 
to  be  in  quadrature.  Between  the  new  moon  and  the  first 
quarter  the  illuminated  part  of  the  moon  as  seen  from  the 
earth  is  of  crescent  .shape,  and  its  convex  aide  is  turned 
toward  the  sun. 

When  the  moon  is  at  3/i  the  illuminated  .side  is  toward  the 
earth.  It  is  then  in  opposition,  and  the  phfi«'  hfiill.  If  an 
observer  were  at  the  sunset  point  on  the  earth,  the  sun 
would  be  setting  in  the  west  and  the  full  moon  would  be 
rising  in  the  east.  At  .I/4  the  moon  is  again  in  quadrature, 
and  the  phase  is  third  quarter. 

To  summarize :  The  moon  is  new  when  it  has  the  same 
right  ascension  as  the  snn  ;  it  is*  at  the  first  quarter  when 
its  right  ascension  i.s  6  lioura  greater  than  tliat  of  the  sun; 
It  is  full  when  its  right  ascen.sion  is  12  hours  greater  than 
that  of  the  sun  ;  and  it  is  at  the  thinl  rpiartrr  when  its  right 
MoeDsion  is  18  hours  greater  than  that  of  the  sun. 

It  is  observed  from  the  diagram  that  the  earth  would 
have  phases  if  seen  from  the  moon.     When  the  moon  is 
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new,  as  seen  from  the  earth,  the  earth  woukl  be  full  as  seen 
from  the  moon.     The  phases  of  the  earth  porrcsponfiing  to 

ever}'  other  position  of 
the  moon  can  be  inferred 
from  the  chagram.  The 
plvist's  of  the  moon  and 
'iiiili  are  suppleinentary ; 
ill'  is,  the  iihiiiiinated 
(luriinn  of  the  moon  as 
seen  from  the  earth  plus 
thf  illuminated  portion  of 
the  earth  as  seen  frorn  the 
moon  always  equals  180°. 
When  the  moon  is  nearly 
new,  and,  consequently, 
the  earth  nearly  full  as 
seen  from  the  nsoon,  the 
dark  side  of  the  moon  is 
somewhat  illuminated  by  sunlight  reflected  from  the  e^irth, 
as  is  shown  in  Vi^.  R8. 

122.  The  diurnal  Circles  of  the  Moon.  —  Suppose  first 
that  the  moon  moves  along  the  ecliptic  and  consider  its 
diurnal    circles.     Since   they    are   parallel    to   the   celestial 


Flo.  OS.  —  The  moon  |iiirti»ll.v  illu- 
minutcd  t>y  liulil  ivfleulvd  from  the 
earth.  Phnluornithal  bu  Barnnrd  at 
the  YerkcD  Obsmatory. 


The  ctjutUor  aiitJ  (.H'liptic. 


equator  (if  the  motion  of  the  moon  in  declination  between 
rising  and  setting  is  neglected),  it  is  sufficient,  in  view  of  the 
dL>«;ussion  of  the  sun's  diurnal  circles  (Art.  58),  to  give  the 
places  where  the  moon  crosses  the  meridian.  Let  FAV, 
Fig.  69,  represent  the  celestial  equator  spreati  out  on  a  plane, 
and  l'i>'.4H'l'  the  ecliptic.  Sujvpose,  for  example,  that  the 
time  of  the  year  is  March  21.    Then  the  sun  is  at  V.    If 
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the  moon  is  new,  it  is  also  at  ]',  because  at  this  phase  it  has 
the  same  right  ascension  as  the  sun.  Since  V  is  on  the  celes- 
tial equator,  the  moon  crosses  the  nieriiiian  at  an  altitude 
i^iual  to  90°  minus  the  latitude  of  the  observer.  In  this 
case  it  rises  in  the  east  and  sets  in  the  west.  But  if  the  moon 
is  at  first  quarter  on  March  21,  it  is  at  S,  because  at  this 
phase  it  is  6  hours  cast  of  the  sun.  It  is  then  23°. 5  north 
of  the  equator,  and,  consequently,  it  crosses  the  meritlian 
23". 5  above  the  equator.  In  this  ca.se  it  rises  north  of  east 
and  sets  north  of  west.  If  the  moon  is  full,  it  is  at  ^■1,  and 
if  it  is  in  the  third  quarter,  it  is  at  W.  In  the  fomier  case  it 
is  on  the  equator  and  in  the  latter  23°. .5  .'^outh  of  it. 

Suppose  the  sun  is  at  the  sunmier  solstice,  .S'.  Then  it 
rises  in  the  northeast,  crosses  the  meridian  23°.5  north  of 
the  equator,  and  sets  in  the  northwest.  At  the  same  time 
the  full  moon  is  at  W,  it  rises  in  the  southca.st,  crosses  the 
meridian  23°. 5  south  of  the  equator,  and  sets  in  the  south- 
west. That  is,  when  sunshine  is  most  abuinhitit,  the  light 
from  the  full  moon  is  the  lea^st.  On  the  other  haml,  when 
the  sun  is  at  the  winter  solstice  IF,  the  full  moon  is  at  5 
and  gives  the  most  liKht.  The  other  positions  of  the  sun 
and  moon  c^n  \yv  treated  similarly. 

Suppose  the  ascending  node  of  the  moon's  orbit  is  at  the 
vernal  equinox  (Fig.  70),  and  consider  the  altitude  at  which 


Fio.  70.  —  .Ascending  node  of  the  moou'a  orbit  at  the  vernal  fquinoz. 


the  moon  crosses  the  meridian  when  full  at  the  time  of  the 
winter  soKstice.  The  .sun  is  at  W  and  the  full  moon  is  in  its 
orbit  5°  9'  north  of  .S.  If  the  latitude  of  the  observer  is  40°, 
the  moon  then  crosses  his  meridian  at  an  altitude  of  50°  4- 
23°.5  -t-  5°  =  78°.5.  That  is,  under  these  circumstances  the 
o 
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full  moon  crosses  the  meridian  higher  in  the  winter  time 
than  it  woald  if  its  rirliit  were  coincident  with  the  ecliptic. 
On  the  other  hanti,  in  the  summer  time,  when  the  sun  is  at 
iS  and  the  full  moon  is  at  W,  the  moon  crosses  the  equator 
farther  south  than  it  would  if  it  were  on  the  ecliptic.  Under 
these  circumstances  there  is  more  moonlight  in  the  winter 
and  less  in  the  summer  tlian  there  would  be  if  the  moon 
were  always  on  the  ecli))tic. 

Now  suppose  the  descending  node  is  at  V  and  the  ascend- 
ing node  is  at  -4,  Fig.  71.     Under  the.se  circumstances  the  full 
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Fiu,  71.  —  Aftcending  node  uf  tbo  iiioou'k  orbit  at  the  autumnal  equinox. 

moon  crosses  the  meridian  lower  in  the  winter  than  it  would 
if  it  moved  along  the  ecliptic.  The  oj>posite  is  true  when 
the  sun  is  at  S  in  the  summer.  Of  course,  the  ascending 
node  of  the  moon's  orbit  might  be  at  any  other  point  on 
the  ecUptic. 

It  is  clear  from  this  discussion  that  when  the  sun  is  on 
the  part  of  the  ecliptic  south  of  the  equator,  the  full  moon 
is  near  the  part  of  the  ecliptic  which  is  north  of  the  equator, 
and  vice  versa.  Therefore,  when  there  is  least  sunlight  there 
is  most  moonlight,  and  there  is  the  greate.st  amount  of  moon- 
light when  the  moon's  ascending  node  is  at  the  vernal 
equinox.  When  it  is  contin  uous  night  at  a  pole  of  the  earth, 
the  gloom  is  partly  dispelled  by  the  moon  which  is  above  the 
horizon  that  half  of  the  month  in  which  it  passes  from  its 
first  to  its  third  quarter. 

123.  The  Distance  of  the  Moon.  —  hne  method  of  deter- 
mining the  dii?tance  of  the  moon  is  by  observing  the  differ- 
ence in  its  directions  as  seen  from  two  points  on  the  earth's 
surface,  as  0\  and  Oj  in  Fig.  72.  Suppose,  for  simplicity, 
that  Oi  and  Oj  are  on  the  same  meridian,  and  that  the  moon 
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is  in  the  plane  of  that  meridian.  The  observer  at  0\  finds 
that  the  moon  is  the  angular  distance  ZiOiM  south  of  his 
zenith ;  and  the  observer  at  O2  finds  that  it  is  the  ani^uiar 
distance  Z^tM  north  of  his  zenith.  Since  tlie  two  observ- 
ers know  their  latitudes,  they  know  the  angle  OxEOi,  and 
consequently,  the  angles  EO1O2  and  EO^Ot.  By  subtract- 
ing ZiOiM  plus  EOiOi  and  ZjOjJ/  plus  EOiOi  from  180°, 
the  angles  MOiOt  and  AfOjOj  are  obtainetl.  Since  the  size 
of  the  earth  is  known,  the  distance  O^Oi  can  be  found.  Then, 
in  the  triangle  0\MOi  two  angles  and  the  included  side  are 
known,  and  all  the  other  parts  of  the  triangle  can  be  com- 
puted  by   trigonometiy.     Suppose  0,3/   has   been   found ; 


Fio.  72.  —  Measuring  the  distance  to  the  moon. 


then,  in  the  triangle  EOiM  two  sides  and  the  included  angle 
are  known;  and  the  distance  EM  can  be  computed.  In 
general,  the  relations  and  observations  will  not  be  so  simple 
as  those  assumed  here,  but  in  no  ca.se  are  serious  mathe- 
matical or  observational  difficulties  encountered.  It  is  to 
be  noted  that  the  result  obtained  is  not  guesswork,  but 
that  it  is  based  on  measurements,  and  tluit  it  is  in  reality 
given  by  measurements  in  the  same  sense  that  a  distance 
on  the  surface  of  the  earth  may  be  obtained  by  measure- 
ment. The  percentage  of  error  in  the  determiimtion  of  the 
moon's  distance  is  actually  much  less  than  that  in  most  of 
the  ordinary  distances  on  the  surface  of  the  earth. 
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The  mean  distance  from  the  center  of  the  earth  to  the 
center  of  the  moon  has  been  found  to  he  238,862  miles,  and 
the  circumference  of  its  orbit  is  therefore  1,500,818  miles. 
On  dividing  the  circumference  by  the  moon's  sidereal  period 
expressed  in  hours,  it  is  found  that  its  orbital  velocity  aver- 
ages 2288.8  miles  per  hour,  or  ai)out  3357  feet  per  second. 

A  body  at  the  surface  of  the  earth  falls  about  16  feet  the 
first  second  ;  at  the  distance  of  the  moon,  which  is  approxi- 
mately 60  times  the  radius  of  the  earth,  it  would,  therefore, 
fall  16  H-  60^  =  0.0044  feet,  because  the  earth's  attraction 
varies  inversely  as  the  .square  of  the  distance  from  its  center. 
Therefore,  in  going  3357  feet,  or  nearly  two  thirds  of  a  mile, 
the  moon  deviates  from  a  straight-line  path  only  about  ^ 
of  an  inch. 

124.  The  Dimensions  of  the  Moon.  ^  The  mean  apparent 
diameter  of  the  moon  is  31'  5".2.  Since  its  distance  is 
known,  its  actual  diameter  can  be  computed.  It  i.^  found 
that  the  distance  straight  through  the  moon  is  2160  miles, 
or  a  little  greater  than  one  fourth  the  diameter  of  the  earth. 
Since  the  surfaces  of  spheres  are  to  each  other  a.s  the  squares 
of  their  diameters,  it  is  found  that  the  surface  area  of  the 
earth  is  13.4  times  that  of  the  moon  ;  and  since  the  volumes 
of  spheres  are  to  each  other  as  the  cubes  of  their  diameters, 
it  is  found  that  the  volume  of  the  earth  is  49.3  times  that 
of  the  moon. 

It  has  been  stated  that  the  mean  apparent  diameter  of 
the  moon  is  31 '  5". 2.  The  apparent  diameter  of  the  moon 
varies  both  because  its  distance  from  the  center  of  the  earth 
varies,  and  also  because  when  the  moon  is  on  the  observer's 
meridian,  he  is  nearly  4000  miles  nearer  to  it  than  when 
it  is  on  his  horizon.  In  the  observations  of  other  celestial 
objects  the  small  distance  of  4n(H)  miles  makes  no  appre- 
ciable difference  in  their  appearance ;  but,  since  the  dis- 
tance from  the  earth  to  the  moon  is,  in  round  numbers,  only 
240,(K)0  miles,  the  radius  of  the  earth  is  ^  of  the  whole 
amount. 
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In  spite  of  the  fact  that  the  moon  is  nearer  the  obscn'cr 
whej]  it  is  on  his  meridian  than  when  it  is  on  Ills  horizon, 
ever}'  one  has  noticed  that  it  appears  largest  wlieii  near 
the  horizon  and  smallest  when  near  the  meridian.  The 
reason  that  the  moon  appears  to  us  to  be  larger  when  it  is 
near  the  horizon  is  that  then  interveniiiK  rihjects  nive  us  the 
impression  that  it  is  very  distant,  and  this  iuHuences  our 
uneonscious  estimate  of  its  size. 

126.  The  Moons  Orbit  with  Respect  to  the  Earth.  — 
The  moon's  distance  from  the  earth  varies  from  about 
225.746  miles  to  251,978  miles,  causing  a  correspondiiiR 
variation  in  its  apparent  diameter.  Its  orbit  i.s  an  ('lli|)se, 
having  an  eccentricity  of  0.U540,  excpi)t  for  slight  deviations 
due  to  the  attractions  of  the  sun,  planets,  an<l  the  equatorial 
bulge  of  the  earth.  The  moon  moves  around  tiie  earth, 
which  is  at  one  of  the  foci  of  its  elliptical  orbit,  in  such  a 
manner  that  the  line  joining  it  to  the  earth  sweeps  over 
equal  areas  in  equal  intervals  of  time.  This  statement  re- 
quires a  slight  correction  because  of  the  perturbations  pro- 
duced by  the  attractioas  of  the  sun  and  planets.  The 
point  in  the  moon's  orbit  which  is  nearest  the  earth  is  called 
its  periqet,  and  the  farthest  point  is  callod  its  n/wgce. 

126.  The  Moon's  Orbit  with  Respect  to  the  Sun.  —  The 
<listAnce  from  the  earth  tf)  the  sun  is  about  400  times  that 
from  the  eartli  to  the  moon.  Consequently,  tlie  oscillations 
of  the  moon  back  and  forth  across  the  earth's  orbit  aa  the 
two  bodies  pursue  their  motion  around  the  sun  are  i>o  small 
that  they  can  hartlly  be  represented  to  scale  in  a  diagram. 
As  a  consequence  of  the  relative  nearness  of  the  moon  and 
ita  comparatively  long  period,  its  orbit  is  always  concave 
towanl  the  sun.  If  the  orbit  of  tlic  moon  were  at  any  time 
convex  toward  the  sun,  it  would  be  when  it  is  moving  from 
a  position  between  the  earth  and  sun  to  opposition,  tiiat 
is,  from  A  to  B,  Fig.  73.  It  take^■  14  days  for  the  moon 
to  move  from  the  former  position  to  the  latter,  and  during 
this  time  its  distance  from  the  sun  increases  by  about  480,000 
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miles;  but,  in  the  meantime,  the  earth  moves  forward 
about  14°  in  its  orbit  from  P  to  Q,  and  it,  therefore,  is  drawn 
by  the  sun  away,  from  the  straight  line  PT  in  which  it  was 
originally  moving  by  a  distance  of  about  3,000,000  miles. 


A 

Fio.  73.  —  The  orbit  of  the  moon  is  concave  to  the  sun. 

That  is,  in  the  14  days  the  moon  actually  moves  in  toward 
the  sun  away  from  the  original  line  of  the  earth's  motion 
3,000,000  -  480,000  =  2,520,000  miles,  and  its  orbit,  which 
is  represented  by  the  broken  line,  is,  therefore,  concave  toward 
the  sun  at  every  point. 

As  a  matter  of  fact,  it  is  the  center  of  gravity  of  the  earth 
and  moon  which  describes  what  is  called  the  earth's  ellip- 
tical orbit  around  the  sun,  and  the  earth  and  moon  both 
describe  ellipses  around  this  point  as  it  moves  on  in  its  ellip- 
tical path  around  the  sun.  Since  the  earth's  mass  is  very 
large  compared  to  that  of  the  moon,  as  will  be  seen  in  Art. 
127,  the  center  of  the  earth  is  always  very  near  the  center 
of  gravity  of  the  two  bodies. 

127.  The  Mass  of  the  Moon.  —  Although  the  moon  is 
comparatively  near  the  earth,  its  mass  cannot  be  obtained  so 
easily  as  that  of  many  other  objects  farther  away. 

One  of  the  best  methods  of  finding  the  mass  of  the  moon 
depends  upon  the  fact  that  the  center  of  gravity  of  the 
earth  and  moon  describes  an  elliptical  orbit  around  the  sun 
in  accordance  with  the  law  of  areas.  Sometimes  the  earth 
is  ahead  of  the  center  of  gravity,  and  at  other  times  behind 
it.  When  the  earth  is  ahead  of  the  center  of  gravity  the 
sun  will  be  seen  behind  the  position  it  would  apparently 
occupy  if  it  were  not  for  the  moon.    On  the  other  hand, 
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when  the  earth  is  behind  the  center  of  gravity,  the  sun  will 
be  displaced  corresprindingly  ahead  of  the  position  it  would 
otherwise  apparently  occupy.  That  is,  the  sun's  aptwrent 
motion  eastward  among  the  stars  is  not  strictly  in  accord- 
ance with  the  law  of  areas,  for  it  sometimes  is  a  little  ahead 
of,  ami  at  others  a  little  behind,  the  position  it  would  have 
except  for  the  moon.  From  very  delicate  observafions  it 
has  lieen  found  that  the  sun  is  displaced  in  this  way  about 
6".4.  Since  the  distance  of  the  sun  is  known,  the  amount 
of  displacement  of  the  earth  in  miles  necessary  to  produce 
this  apparent  displacement  of  the  sun  can  be  computed." 
It  has  been  found  in  this  way  that  the  distance  f>f  the  center 
of  gravity  of  the  earth  and  moon  from  the  center  of  the  earth 
is  288G  miles. 

Now  consider  the  problem  of  finding  the  ratio  of  the  mass 
of  the  earth  to  that  of  (he  moon.  In  Fig.  74  let  E  represent 
the  earth,  C  the  center 
of  gravity  of  the  earth 
and  moon,  and  M  the 
moon.  Let  the  distance 
EC  be  represented  by  x, 
and  the  distance  EM, 
which  is  238,862  miles, 
by  r.  Since  the  mass  of  the  earth  multiplied  by  the  distance 
of  its  center  from  the  center  of  gravity  of  the  earth  and  moon 
equals  the  mass  of  the  moon  multiplied  by  its  distance  from 
the  center  of  gravity  of  the  earth  and  moon,  it  follows  that 

X  X  £  =  (r-z)  M. 

Since  x  =  2886  miles  and  r  =  238,862  mites,  it  is  found 

that 

E  =  81.8  M. 

In  round  numbers  the  mass  of  the  earth  is  80  times  that  of 
the  moon. 

Since  the  orbit  of  the  moon  is  incline<l  5"  9'  to  the  plane 
of  the  ecliptic,  the  earth  is  sometimes  above  and  sometimes 
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and  moon. 
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below  this  plane.  This  causes  an  apparent  displacement  of 
the  sun  from  the  ccliptif  in  the  opposite  direction.  From 
the  amount  of  the  apparent  displacement  of  the  sun  in 
latitude,  as  determined  by  observations,  and  from  the  in- 
clination of  the  moon's  orbit  and  the  distance  of  the  sun, 
it  is  pussible  to  compute,  just  as  from  the  sun's  apparent 
displacement  in  longitude,  the  mass  of  the  moon  relative  to 
that  of  the  rarth. 

128.  The  Rotation  of  the  Moon.  —  The  moon  always 
presents  the  same  side  toward  the  earth,  and  therefore,  as 
seen  from  some  point  other  thtui  the  earth  or  moon,  it  ro- 
tates on  its  axis  once  in  a  sidereal  month.  For,  in  Fig.  67, 
when  the  moon  is  at  Mi  a  certain  part  is  on  the  left  toward 
the  earth,  but  when  it  h;us  moved  to  .Un  the  s.ime  side  is  on 
the  right  .still  toward  the  earth.  Its  direction  of  rotation 
is  the  same  as  that  of  its  revolution,  or  from  West  to  east. 
The  [ilaiie  of  its  equator  is  inclined  about  1°  .'i'i'  to  the  plane 
of  the  ecliptic,  and  the  two  planes  always  intersect  in  the 
line  of  nodes  of  the  moon's  orbit. 

It  follows  from  what  has  been  stated  that  the  moon's 
sidereal  day  is  the  same  a.s  its  sidereal  month,  or  27.32166 
mean  solar  days.  Its  solar  day  is  of  the  same  length  as  its 
SJ^1odic;tl  month,  or  29.5.'i0.iS8  mean  solar  days,  because  its 
synodical  month  is  defined  by  its  position  with  respect  to 
the  earth  and  sun.  Other  things  being  equal,  the  tempera- 
ture changes  from  day  to  night  on  the  moon  would  be  much 
greater  than  on  the  earth  because  its  period  of  rotation  is  so 
nuicli  longer ;  but  the  8ea.sonal  changes  would  be  very  slight 
because  of  the  small  inclination  of  the  plane  of  its  equator 
to  the  plane  of  its  orbit. 

It  is  a  most  remarkable  fact  that  the  moon  rotates  at 
precisely  such  a  rate  that  it  always  keejis  the  same  face 
toward  the  earth.  It  is  infinitely  im[irobable  that  it  was 
started  exactly  in  this  way ;  and,  if  it  were  not  so  started, 
there  must  have  been  forces  at  work  which  have  brought 
about  this  peculiar  relationship.     It  has  been  suggested  tJiat 
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the  explanation  lies  in  the  tidal  reaction  between  the  earth 
and  moon.  Since  the  moon  raises  tides  on  the  earth,  it  is 
obvious  that  the  earth  aKno  raises  tides  on  the  iiionn  unless 
it  is  absolutely  rigid,  Sinre  tlio  mjiss  of  the  earth  is  more 
than  80  times  tliat  of  the  moon,  the  tides  generated  by  the 
earth  on  the  moon,  other  things  1  icing  equal,  would  be  much 
greater  than  those  generati-d  by  the  moon  on  llie  earth.  If 
a  body  is  rotating  faster  than  it  revolves,  and  iii  the  same 
direction,  one  of  the  effects  of  the  tides  is  to  slow  up  its 
rotation  and  to  tend  to  tiring  the  pcrind;*  of  rotation  and 
revolution  to  an  equality.  It  has  been  generally  Ix'lieved 
that  the  tides  raised  by  tiic  earth  on  the  moon  during  mil- 
lions of  years,  part  of  wliidi  time  il  may  lia\i'  been  in  a 
plastic  state,  have  brought  about  the  condition  which  now 
exist*.  There  arts  however,  serious  difliculties  with  this 
explanation  (Art.  2G5),  and  it  seems  i»robab]e  that  the  earth 
and  moon  are  connected  by  forces  not  yet  underetood. 

129.  The  Librations  of  the  Moon.  -  The  statement  that 
the  moon  always  has  the  same  side  toward  tin!  caith  is  not 
true  in  the  8tricte.st  sense.  It  would  Ik-  true  if  the  planes 
of  its  orbit  and  of  its  e(|uator  were  the  same,  anil  if  it  moved 
at  a  perfeclh'  imiform  angular  velocity  in  its  oibit. 

The  inclination  of  the  mofjn's  orbit  to  the  ecliptic  averages 
about  5°  9',  and  the  inclination  of  the  moon's  equator  to 
the  ecliptic  is  aliout  1°  32'.  The  thrci'  planes  are  so  related 
that  the  inclination  of  the  moon's  ecjuator  to  the  plane  of 
its  orbit  is  r,°  9'  -|-  1°  32'  =  (j°  41'.  The  sun  shines  alter- 
nately over  the  two  poles  of  the  earth  because  of  the  incli- 
nation of  the  plane  of  the  equator  to  the  plane  of  the  ecHptio. 
In  a  similar  manner,  if  the  earth  were  a  luminous  body  it 
wouM  shine  (j°  41'  over  the  moon's  poles.  Instead  of  shin- 
ing on  them  (except  by  reflected  light),  the  tilting  of  the 
moon's  axis  of  rotation  enables  us  to  see  tj°  4 1 '  over  the  poles. 
This  is  the  libratioti  in  latitude. 

The  tnoon  rotate.s  at  a  uniform  rate,  —  at  least  the  depar- 
tures from  a   uniform   rate  are  absohitelv  insensible.     It 
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would  take  inconceivably  great  forces  to  make  perceptible 
Hhort  changes  in  its  rate  of  rotation.  On  the  other  hand, 
the  moon  revolves  around  the  earth  at  a  non-uniform  rate, 
for  it  moves  in  such  a  way  that  the  law  of  areas  is  fulfilled. 
Consider  the  moon  starting  from  the  perigee.  It  takes 
about  6.5  days,  or  considerably  less  than  one  quarter  of  its 
period,  for  the  moon  to  revolve  through  90°  ;  and,  therefore, 
the  angle  of  rotation  is  considerably  less  than  90".  The 
result  is  that  the  part  of  the  moon  on  the  side  toward  the 
perigee,  that  is,  the  western  edge,  is  brought  partially  into 
view.  On  the  opposite  side  of  the  orbit,  the  eastern  edge  of 
the  moon  i.s  brought  partially  into  view.  This  is  the  libra- 
tion  in  longitude. 

In  addition  lo  this,  the  moon  is  not  viewed  from  the  earth's 
center.  When  it  is  on  the  horizon,  the  line  from  the  ob- 
server to  the  moon  makes  an  angle  of  nearly  1°  (the  parallax 
of  the  moon)  mth  that  from  the  earth's  center  to  the  moon. 
This  enables  the  observer  to  see  nearly  1°  farther  around  its 
side  than  he  could  if  it  were  on  his  meridian. 

The  result  of  tht-  moon's  librations  is  that  there  is  only 
41  per  cent  of  its  surface  which  is  never  seen,  while  41  per 
cent  is  always  in  sight,  and  18  per  cent  of  it  is  sometimes 
visible  and  sometimes  invi.sible. 

130.  The  Density  and  Surface  Gravity  of  the  Moon.  — 
The  volume  of  the  earth  is  about  50  times  that  of  the  moon 
and  its  mass  is  81.8  times  that  of  the  moon.  Therefore  the 
density  of  the  moon  is  somewhat  less  than  that  of  the  earth. 
It  is  found  from  the  relative  volumes  and  masses  of  the  earth 
and  moon  that  the  density  of  the  moon  on  the  water  stand- 
ard is  about  3.4. 

If  the  radius  of  the  moon  were  the  same  as  that  of  the 
earth,  gravity  at  its  surface  woulrl  be  less  than  ^  that  at 
the  surface  of  the  earth ;  liiat  the  small  radius  of  the  moon 
tends  to  increase  the  attraction  at  its  surface.  If  its  mass 
were  the  same  as  that  of  the  earth,  its  surface  gravity  would 
be  nearly  16  times  that  of  the  earth.    On  taking  the  two 


203 


factors  together,  it  is  found  that  the  surface  gravity  of  the 
moon  is  alx)ut  ^  that  of  the  earth.  That  is,  a  body  on 
the  earth  weighs  by  spring  balances  about  6  times  as  much 
it  would  weigh  on  the  inoou. 

Ilf  a  body  were  thrown  up  from  the  surface  of  the  moon 
with  a  given  velocity,  it  would  ascend  6  times  as  high  as  it 
would  if  thrown  up  from  the  surface  of  the  earth  with  the 
same  velocity.  Perhaps  this  is  the  reason  why  the  forces 
to  which  both  the  earth  and  moon  have  been  subjected  have 
produced  relatively  higher  elevations  on  the  moon  than  on 
the  earth.  Also  it  wovild  be  possible  for  mountains  of  a 
given  material  to  be  6  times  as  high  on  the  moon  us  on  the 
earth  before  the  rock  of  wliich  they  are  composed  would  lie 
crushed  at  the  bottom. 

131.  The  Question  of  the  Moon's  Atmosphere.  —  The 
moon  has  no  atmosphere,  or  at  the  most,  an  excessively  rare 
one.  Its  absence  is  proved  by  the  fact  that,  at  the  time  of 
an  eclipse  of  the  sun,  the  moon's  limb  is  perfectly  dark  and 
sharp,  with  no  apparent  distortion  of  the  sun  due  to  refrac- 
tion. Similarly,  when  a  star  is  occulted  by  the  moon,  it 
disappears  suddenly  and  not  somewhat  grarlually  as  it 
would  if  its  light  were  being  more  and  more  extinguished 
by  an  atmosphere. 

Besides  this,  if  the  moon  had  an  atmosphere,  its  refraction 
would  keep  a  star  vi.sible  for  a  little  time  after  it  had  been 
occulted,  just  as  the  earth's  atmosphere  keeps  the  sun 
vnsible  about  2  minutes  after  it  has  actually  set.  In  a  simi- 
lar way,  the  star  would  become  visible  a  short  time  before 
the  moon  had  passed  out  of  line  with  it.  The  whole  effect 
would  be  to  make  the  time  of  occultation  shorter  than  it 
would  be  if  there  were  no  atmosphere. 

If  the  moon  had  an  atmosphere  of  any  considerable 
extent,  there  would  be  the  effec^ts  of  erosion  on  its  surface ; 
but  so  far  as  can  be  determined,  there  is  no  evidence  of  such 
action.  Its  surface  consists  of  a  barren  waste,  and  it  is, 
perhaps,  much  cracked  up  because  of  the  extremes  of  heat 
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and  coki  to  wliich  it  is  subject.  But  there  is  nothing  re- 
sembling soil  except,  possibly,  volcanic  aahes.  There  can  be 
no  water  on  the  moon  ;  for,  if  thnro  were,  it  would  be  at  least 
partly  evaporated,  especially  in  the  long  day,  and  form  an 
atmospheix'. 

One  cannot  refrain  from  asking  why  the  moon  has  no 
atmosphere.  It  may  be  that  it  never  had  any.  But  the 
evidence  of  great  surface  disturbances  makes  it  not  altogether 
improbable  that  va.st  quantities  of  vajxii-s  have  been  emitted 
from  its  interior.  If  this  is  true,  they  si-em  to  have  dis- 
appeared. There  are  two  waj^s  in  which  their  fiisappearance 
can  be  explained.  One  is  that  they  have  united  chemically 
witli  other  elements  on  tlie  moon.  As  a  possible  example  of 
such  action  it  may  be  mentioned  that  there  are  vast  quan- 
tities of  o.xygen  in  the  rocks  of  the  earth's  cru.st,  which  may, 
perhaps,  have  been  largely  derived  from  the  atmosphere. 
The  second  explanation  is  that,  acconling  to  the  kinetic 
theoiy  of  gases,  the  moon  mnj'  have  lost  its  atmosphere  by 
the  escape  of  molecule  after  molfcule  from  its  gravitative 
control.  This  niiglit  Ik;  a  relatively  rapid  process  in  the  case? 
of  a  body  having  the  low  velocity  of  escape  of  1.5  miles  per 
second  (Art.  .33),  especially  if  its  days  were  so  long  that  its 
surface  became  liighly  heated. 

It  seems  |)robuble,  therefore,  that  the  moon  could  not 
retain  an  atmosjjhere  if  it  had  one,  and  that  whatever  gn.ses 
it  may  ever  have  acquiiTtl  from  volcanoes  or  other  sources 
were  speedily  lost. 

132.  The  Light  and  Heat  received  by  the  Earth  from  the 
Moon. — The  average  <tistancc8  of  the  earth  and  the  moon 
from  the  .sun  are  about  the  same;  and,  consequently,  the 
earth  and  the  moon  receive  about  equal  amounts  of  light 
antl  heat  per  unit  area.  The  amovmt  of  light  and  heat  that 
the  earth  receive-s  from  the  moon  depends  upon  how  much 
the  moon  receives  from  the  sun,  what  fraction  it  reflects, 
its  <iistance  from  the  earth,  and  its  pha.se.  It  is  easy  to  see 
that,  if  all  the  light  the  moon  receives  wore  reflectctl,  the 
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amount  which  strikes  the  earth  could  be  computed  for  any 
phase  as,  for  example,  when  the  moon  18  full.  It  is  found  by 
taking  into  account  all  the  factors  involved  that,  if  the  moon 
were  a  perfret  mirror,  it  would  give  the  earth,  when  it  is 
full,  alxjut  iTo.Wo  ^  much  light  as  the  earth  receives  from 
the  sun.  As  a  matter  of  fact,  the  moon  is  bj-  no  means  a 
perfect  reflector,  and  the  amount  of  light  it  sends  to  the 
earth  is  very  much  less  than  this  quantity. 

It  is  not  easy  to  compare  moonlight  with  sunlight  by  ilirect 
measurements,  and  the  results  obtained  by  different  observ- 
ers arc  somewhat  divergent.  The  measurements  of  ZoU- 
ner,  which  are  commonly  accepted,  show  that  sunlight  is 
618,000  times  greater  than  the  light  received  from  the  full 
moon.  Sir  John  Her.Hchers  observations  gave  the  notably 
smaller  ratio  of  465,000.  At  other  phases  the  moon  gives 
not  only  corresjwndingly  less  light,  but  less  than  would  be 
expwted  on  the  basis  of  the  part  of  the  moon  illuminated. 
For  example,  at  first  quarter  the  illuminated  area  is  half 
that  at  full  moon,  but  the  amount  of  light  received  is  less 
than  one  eighth  that  at  full  moon.  This  phenomenon  is 
doubtless  due  to  the  roughness  of  the  moon's  surface.  More- 
over, the  amount  of  tight  received  from  the  moon  near  first 
quarter  is  somewhat  greater  than  that  received  at  the  cor- 
responding phaiic  at  third  quarter,  the  dilTcrence  lieing  due 
to  the  dark  spots  on  the  eastern  liml)  of  the  moon.  On 
taking  into  consideration  the  whole  mnnth.  the  average 
amount  of  hght  and  heat  which  the  moon  furnishes  the  earth 
cannot  exceed  i7&-oi:ooo  ^^  that  received  from  the  sun.  In 
other  terms,  the  earth  receives  as  much  light  and  heat  from 
the  sun  in  13  seconds  as  it  receives  from  the  moon  in  the 
course  of  a  whole  year. 

133.  The  Temperature  of  the  Moon.  —  The  temperature 
of  the  moon  depends  upon  the  amount  of  heat  it  receives, 
the  amount  it  reflects,  and  its  rate  of  radiation.  Alx>ut  7 
per  cent  of  the  heat  which  falls  on  the  moon  is  directly  re- 
flected, and  this  has  no  effect  upon  its  temperature.    The 
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remaining  93  per  cent  is  absorbed  and  raises  the  tempera- 
ture of  its  surface.  The  rate  of  radiation  of  the  moon's 
surface  materials  for  a  given  temperature  is  not  known  be- 
cause of  the'  uncertainties  of  their  comixisition  and  physi- 
cal condition.  Nevertheless,  it  ran  be  determined,  at  least 
roughly,  at  the  time  of  a  total  eclipse  of  the  moon. 

Consider  the  moon  when  it  is  nearly  full  and  just  before  it 
is  ecUi)sed  by  ])a.ssing  into  the  earth's  shadow,  as  at  N, 
Fig.  81.  The  side  toward  the  earth  is  subject  to  the  per- 
pendicular rays  of  the  sun  and  has  a  higher  temperature 
than  any  other  part  of  its  surface.  It  is  easy  to  measure 
with  some  approximation  the  amount  of  heat  received  from 
the  moon,  but  it  is  not  easy  to  cietermine  what  part  of  it  is 
reflected  and  what  part  is  radiated.  Now  suppose  the  moon 
piissi's  on  into  the  earth's  shadow  so  that  the  direct  rays  of 
the  sun  are  cut  off.  Then  all  the  heat  received  from  the 
moon  is  that  radiated  from  a  surface  recently  exposed  to  the 
sun's  rays.  Tins  can  be  mcjisureti ;  and,  from  the  amount 
received  and  the  rate  at  which  it  decreases  as  the  eclip.«e 
continues,  it  is  jwssible  tfl  determine  approximately  the 
rate  at  which  the  moon  loses  heat  by  radiation,  and  from 
this  the  temperature  to  which  it  has  been  raised.  The  obser- 
vations show  that  the  .iinount  of  heat  received  from  the 
moon  diminishes  very  rapidly  after  the  moon  pa-sses  into 
the  earth's  sliadow.  This  means  that  its  radiation  is  very 
rapid  and  that  jirohably  its  temperature  does  not  rise  very 
high.  It  doubtless  is  safe  to  state  that  at  its  maximum  it 
is  between  the  freezing  and  the  boiUng  points.  The  recent 
work  of  \''ery  leads  to  the  conclusion  that  the  .surface  is 
heatiKl  at  its  highest  to  a  temperature  of  200°  Fahrenheit. 

It  is  now  possii)le  to  get  a  more  or  less  satisfactory  idea 
of  the  temperature  conrlitions  of  the  moon.  It  must  be 
remembered,  in  the  first  place,  that  its  day  is  28.5  times  as 
long  as  that  of  the  earth.  In  the  second  place,  it  has  no 
atmospheric  envelope  to  keep  out  the  heat  in  the  daytime 
and  to  retain  it  at  night.     Consequently,  when  the  sun  rises 


CB.  vn,  135] 


THE  MOON 


207 


* 


for  a  point  on  the  moon,  its  raj's  continue  to  beat  down 
upon  the  surface,  which  is  entirely  unprotected  by  clouds  or 
air,  for  more  than  14  of  our  clays.  During  this  time  the 
temperature  rises  above  the  freezing  point  and  it  may  even 
go  up  to  the  boiUng  point.  When  the  sun  sets,  the  darkness 
of  midnight  immediatel}'  follows  because  there  is  no  atmos- 
phere to  produce  twilight,  am!  the  heat  rapidly  escapes 
into  space.  In  the  course  of  i\n  hour  or  two  the  temperature 
of  the  surface  probably  falls  below  the  freezing  point,  and 
in  the  course  of  a  day  or  two  it  may  descend  to  100°  below 
zero.  It  will  either  remain  there  or  descend  still  lower  until 
the  sun  rises  again  14  days  after  it  has  set. 

The  chmatic  conditions  on  the  moon  illustrate  in  the  most 
striking  manner  the  effects  of  the  earth's  atmosphere  and 
the  consequences  of  the  earth's  short  period  of  rotation. 

134.  General  surface  Conditions  on  the  Moon.  —  On  the 
whole,  the  surface  of  the  moon  is  extremely  rough,  showing 
no  effects  of  weathering  by  air  or  water.  It  is  broken  by 
several  mountain  chains,  by  numerous  isolated  mountain 
peaks,  and  by  more  than  30,000  observed  craters.  There 
are  several  large,  comparatively  smooth  and  level  areas, 
which  were  called  maria  (seas)  l>y  Gahleo  and  other  early 
observers,  and  the  names  are  still  retained  though  modern 
instruments  show  that  they  not  only  contain  no  water  but 
are  often  rather  rough.  The  smooth  places  are  the  areas 
which  are  relatively  dark  a.s  seen  with  the  unaided  eye  or 
through  a  small  telescope.  For  example,  the  dark  patch 
near  the  bottom  of  Fig.  75  and  a  little  to  the  left  of  the 
center  with  a  rather  sharply  defined  lower  edge  is  known  as 
Mare  Serenitatis  (The  Serene  Sea).  The  light  line  running 
out  from  the  right  of  it  and  just  under  the  big  crater  Coper- 
nicus is  the  Apennine  range  of  mountains.  The  most  con- 
spicuous features  which  are  visible  with  an  ordinary  invert- 
ing telescope  are  shown  on  the  map,  Fig.  76. 

136.  The  Mountains  on  the  Moon.  —  There  are  ten 
ranges  of  mountains  on  the  part  of  the  moon  which  is  visible 
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from  the  oarth.  The  mountains  are  often  extremely  slender 
and  lofty,  in  some  cases  attaining  an  altitude  of  more  than 
20,0(KJ  feet  above  the  plains  on  whieh  they  stand.     If  the 


Fiu.  75.  —  The  itiuon  at  9 J  d^iys.     I-'hulnyraijIuil  a(  Uk  Vtrkcs  Ohsirtntitri/. 

mountains  on  the  earth  were  relatively  as  large,  they  would 
be  more  than  15  miles  high.  The  heifcht  of  the  lunar  moun- 
tains is  undoubtedly  due,  at  least  in  part,  to  the  low  surface 
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gravity  on  the  moon,  and  to  the  fact  that  there  has  Ijeen 
no  erosion  by  air  and  water. 

The  height  of  a  lunar  mountain  is  detormiiied  from  the 
length  of  its  shadow  when  the  sun's  rays  strike  it  obliquely. 


L»W" 


I  Mt>  S 


0. 


<? 


TtirojilliluM  , 


w 


(TlTMt 


JVa^  TmmiimititttHi 


Mart  ^ 
Hum*  rum 


-D- 


^^  KrplerQ 


ii**  * 


/O 


|Vnrr 
SennllallM 


0       K*""^    '^/O 


/ 


O 


Mart    » 

/nt£>rfum 


N 

FlQ.  70.  —  Outline  map  of  tbe  moon. 


For  example,  in  Fig.  77  the  crater  Theophilus  is  a  httlc 
below  the  center,  and  in  its  iiiterior  arc  three  tufty  moun- 
tains whose  sharp,  spirelike  sluuiuws  stretch  off  to  the  left. 
Since  the  size  of  the  moon  and  the  scale  of  the  pbotograiih 
are  both  known,  the  lengths  of  the  shadows  can  easily  be 


210    AN   INTRODUCTION  TO  ASTRONOMY    [cb.  vn.  135 


Fio.  77.  — The  crater  Thoophilus  and  surrounding  region  (Ritcbey). 


determined.  There  is  also  no  difficulty  in  finding  the  height 
of  the  sun  in  the  sky  as  seen  from  this  position  on  the  moon 
when  the  picture  was  taken.  Consequently,  it  is  possible 
from  these  data  to  compute  the  height  of  the  mountains. 
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In  the  particular  case  of  Theophilus,  the  mountains  in  its 
interior  are  more  than  16,000  feet  alxave  its  floor.  On  the 
eiirth  the  heights  of  mountains  are  counted  from  the  sea 
level,  which,  in  most  cases,  is  far  away.  For  example,  Pike's 
Peak  is  about  14,000  feet  above  the  level  of  the  ocean,  which 
is  more  than  1000  miles  away,  but  only  about  half  that 
heiglit  above  the  plateau  on  which  it  rests.  The  shadows 
of  the  lunar  mountains  are  black  and  sharp  because  the 
moon  has  no  atmosphere,  and  they  are  therefore  well  suited 
use  in  measuring  the  heights  of  objects  on  its  surface. 
'136.  Lunar  Craters.  —  The  most  remarkable  and  the  most 
conspicuous  objects  of  thf  lunar  topography  are  the  craters, 
of  which  more  than  30,000  have  been  maiiped.  There  have 
been  successive  stages  in  their  formation,  for  new  ones  in 
tnany  places  have  broken  through  and  encroached  upon  the 
old,  as  shown  in  Fig.  78.  Sometimes  the  newer  ones  are 
precisely  on  the  rims  of  the  older,  and  sometimes  they  are 
entirely  in  their  interiors.  The  newer  craters  have  deeper 
floors  and  steeper  and  higher  rims  than  the  older,  and  one 
of  the  most  interesting  things  alxjut  them  is  that  very  often 
Uiey  have  near  their  centers  lofty  and  spirelike  peaks. 

The  term  crater  at  once  carries  the  im[>rcssion  to  the  mind 
tiiat  these  objects  on  the  moon  are  analogous  to  tlie  vol- 
canic craters  on  the  earth.  There  is  at  least  an  immense 
difference  in  their  dimensions.  Many  lunar  craters  are  from 
50  to  (JO  miles  in  diameter,  and,  in  a  number  of  cases,  their 
diameters  exceed  100  miles.  Ptolemy  is  115  miles  across, 
wliile  Theophilus  is  54  miles  in  diameter  and  19,000  feet  deep. 
The  lofty  jieak  in  the  gi-eat  crater  Copernicus  towers  11,000 
feet  above  the  plains  from  which  it  rises.  Some  of  these 
craters  are  on  such  an  enormous  scale  that  their  rims  would 
not  be  visible  from  their  centers  because  of  the  curvature  of 
the  surface  of  the  moon. 

The  explanation  of  the  craters  is  by  no  means  easy,  and 
universal  agreement  has  not  been  reached.     If  they  are  of 
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Fio.  78.  —  Tlic  great  rratcr  Cluvius  with  smaller  craters  on  its  rini 
and  ill  it«  interior.  Photooraphed  by  Ritchcj/  with  the  iO-inch  telacopt 
of  Uic  Yerkct  Observatory. 
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volcanic  origin,  the  activity  which  was  present  on  the  moon 
aormously  surijassecl  anything  now  known  on  the  earth. 
view  of  the  fact  that  there  are  no  hiva  flows,  an<l  that  in 
lost  cases  the  material  around  a  crater  wuuUI  not  fill  it, 
se  volcanic  theory  of  their  origin  seems  very  improbable 
id  has  been  abandoned.  Another  su^Sff^tion  is  that  the 
rat«rs  have  l^een  formed  by  (he  bursting  out  of  great  masses 

gajs  which  gatiiered  under  the  surface  of  the  moon  and 
tTame  heated  and  suliject  to  great  tension  liecause  of  its 
antrat^tion.  According  to  this  theory,  the  escaping  gas 
jrew  out  large  mi\sses  of  the  material  which  covered  it  and 
lufi  made  the  rims  of  the  craters.  But  it  is  hard  to  account 
>r  the  moimtains  which  are  so  often  seen  in  tlie  interiors 

craters. 

nillx»rt  suggi'-stcd  that  the  lunar  craters  may  have  been 
armed  by  the  impacts  of  huge  meteorites,  in  sonic  cases  many 
iles  across.  It  is  certain  that  such  botlies,  -iveighing  hun- 
of  pounds  and  even  tons,  now  fall  upon  the  earth 
iunally.  It  is  supposed  (hut  millions  of  ycjirs  ago  the 
sIlisionB  qf  these  wandering  masses  with  the  earth  and 
were  much  more  frequent  than  they  are  at  the 
jt  time.  When  they  strike  the  earth,  their  energj-  is 
rgely  taken  up  by  the  cushion  of  the  earth's  atmosphere; 
|rhen  they  strike  the  moon,  they  plunge  in  upon  its  surface 
Hth  a  spee<i  from  .')U  to  KX)  limes  that  of  a  cannon  ball. 

does  not  seem  improbable  that  mas-ses  many  miles  across 
id  weighing  millions  of  tons  might  produce  splashes  in  the 
jrface  of  the  moon,  even  though  it  be  solid  rock,  analo- 
Dtw  to  the  craters  which  are  now  oliserved.  The  heat 
tierated  by  the  impacts  would  be  sufficient  to  liquefy  the 

iterials  immediately  under  the  |)lace  where  the  meteorites 
truck,  and  might  even  cause  very  great  e.^plosions.  The 
nountains  in  the  centers  might  be  due  to  a  sort  of  re- 
ction  from  the  original  splash,  or  from  the  heat  (>roduced 
the  collision.  At  any  rate,  numerous  experiments  with 
rojcctiles  on  a  variety  of  substances  have  shown  that  pita 
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closclj'  resemblinR  the  lunar  craters  are  very  often  obtained. 
This  view  as  to  the  cause  of  the  craters  is  in  harmony  with 
the  theory  that  the  earth  and  moon  grew  up  by  the  accre- 
tion of  widely  scattered  material  around  nuclei  which  were 
originally  of  much  smaller  diraeusions  (Art.  250). 

An  obvious  objection  to  the  theory  that  the  craters  on 
the  moon  were  producetl  by  meteorites  is  that  the  earth  has 
no  similar  formatiuiis.  Since  the  earth  and  moon  are  closely 
associated  in  their  revolution  around  the  sun,  it  is  clear  that 
the  earth  would  liave  Ixwn  bombarded  at  least  as  violently 
as  the  moon.  The  answer  to  tliis  objection  is  that,  for  mil- 
lions of  years,  the  rains  and  snows  ami  atmosphere  have  dis- 
integrated the  craters  and  mountains  on  the  earth,  and  their 
pow<iered  remains  have  been  carrietl  away  into  the  valleys. 
Whatever  irregularities  of  this  character  the  earth's  surface 
may  have  had  in  itis  early  stages,  all  traces  of  them  disap- 
peared millions  of  years  ago.  On  the  other  hand,  since  air 
and  water  are  altogether  absent  from  the  moon,  this  nearest 
celestial  body  lias  preserved  for  us  the  records  of  the  forces 
to  which  it,  and  probably  also  the  earth,  were  subject  in  the 
early  stages  of  tlieir  development. 

Probably  the  most  serious  objection  to  the  impact  theory 
of  the  craters  on  the  moon  is  that  they  nearly  all  appear  t-o 
have  been  made  bj-  bodies  falbng  straight  toward  the  moon's 
center.  It  is  obvious  that  a  sphere  circulating  in  space 
would  in  a  majority  of  ca.ses  be  struck  glancing  blows  by 
wandering  meteorites.  The  attraction  of  the  moon  would 
of  course  tend  to  draw  them  toward  its  center,  but  their 
velocities  are  so  great  that  this  factor  cannot  seriously 
have  modified  their  motions.  The  only  escape  from  this 
objection,  so  far  as  suggested,  is  that  the  heat  generated  by 
the  impacts  may  have  been  sufficient  to  liquefy  the  material 
in  the  neighborhood  of  the  places  where  the  meteorites  struck, 
and  thus  to  destroy  all  evidences  of  the  directions  of  the  blows. 

137.  Rays  and  Rills.  —  Some  of  the  large  craters,  par- 
ticularly Tycho  and  Copernicus,  have  long  light  streaks. 
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called  rays,  radiating  from  (hem  like  spolce?  from  the  axle  of 

a  wheel.     They  are  not  interfered  witli  by  hill  or  valley, 

and  they  often  extend  a  distance  of  several  hundred  miles, 

I  They  cast  no  shadows,  which  proves  that  they  are  at  the 

flame  level  as  the  adjacent  surface,  and  they  are  most  con- 


79.  —  Thf  full  moon.     Photographed  at  thr  KerAvw  ('JtjAt;rvatttnj  ( Wullacf)^ 


kspicuous  at  the  time  of  full  moon.  They  are  easily  seen  in 
*Flg.  79.  It  has  been  supposed  by  some  that  they  are  lava 
streams  and  by  others  that  they  were  great  cracks  in  the 
surface,  formed  at  the  time  when  the  craters  were  produced, 
which  have  since  filled  up  with  lighter  colored  material 
from  below. 
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Thp  rills  are  cracks  in  the  moon's  surface,  a  mile  or  so 
wide,  a  quarter  of  a  mile  deep,  and  sometimes  as  much  as 
I.iO  iniU's  in  length.  They  are  very  numerous,  more  than 
10(M)  having  lieen  so  far  niap])ed.  The  only  things  at  all 
Uke  them  on  the  earth  are  such  chasms  as  the  Ctrand  Can- 
yon uf  the  Colorado  and  the  cut  helow  Niagara  Falls.  But 
these  gorges  arc  the  work  of  erosion,  which  has  probably 
been  entirely  absent  from  the  surface  of  the  moon.  At  any 
rate,  it  is  intTcdibte  that  the  rills  have  been  produce<l  by 
erosion.  The  tno-st  plausible  theory  is  that  they  are  cracks 
which  have  been  caused  by  violent  volcanic  action,  or  by 
the  rapid  cooling  antl  shrinking  cif  the  moon. 

The  rays  and  rills  are  very  puKzling  lunar  features  which 
seem  to  lie  fundamentalK'  unlike  anything  in  terrestrial 
topngra]>liy.  Even  our  nearest  neighlmr  thus  differs  verj' 
raiticidly  fruin  flic  earth. 

138.  The  Question  of  Changes  on  the  Moon.  —  There 
have  been  nu  olisorvcd  chunges  in  tlie  hirger  features  of  the 
lunar  topogniphy.  alt-lunigb,  from  time  to  time,  minor  alter- 
ations have  been  suspecte*!.  The  most  probable  change  of 
any  natural  physical  feature  is  in  the  small  crater  Linne,  in 
Mare  Screnitatis.  It  wa.s  mappe<l  about  a  century  ago, 
but  in  1866  was  said  by  Schmidt  to  be  entirely  invisible. 
It  is  now  n.siblo  .'is  on  the  original  maps.  It  is  generally 
behevetl  that  the  differences  in  a])pf>aranfp  at  various  times 
have  been  due  to  slightly  different  conditions  of  illumination. 

Since  the  moon's  orbit  is  r'onstantly  shifting  because  of 
the  attraction  of  the  sun,  and  sinci'  the  month  does  not  con- 
tain an  integral  number  of  days,  it  follows  that  an  observer 
never  gets  at  two  (lifTcn^nt  tim(>s  exactly  the  same  view  of 
the  moon.  W.  H.  I'iekering  ha.s  noticed  changes  in  some 
small  craters,  depending  uptm  the  phase  of  the  moon,  which 
he  interprets  as  possibly  being  due  to  .some  kind  of  vegeta- 
tion which  flourishes  in  the  valleys  where  he  supposes  heavier 
gases,  such  as  carlwn  dioxide,  might  collect.  Some  of  his 
observations  have  been  verified  by  other  astronomers,  but 
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his  rather  bold  speculations  as  to  their  meaning  have 
been  accepted. 

It  is  altogether  probahk-  that  the  moon  long  ago 
at  the  stage  where  surface  changes  practically  ceasetl.  The 
only  known  influences  which  could  now  disturb  its  surface 
are  the  feeble  tidal  strains  to  which  it  is  sulijcct,  and  the 
extremes  of  temperature  lietween  night  and  daj'.  While  it 
would  be  too  much  to  say  that  shght  disintegration  of  the 
surface  rocks  may  not  still  be  taking  place,  yet  it  is  certain 
that,  on  the  whole,  the  moon  is  a  Iwdy  whose  evolution  is 
essentially  finisiiwj.  The  seasonal  changes  are  unimportant, 
but  there  is  altcniatvly  for  two  weeks  the  blinding  glare  of 
the  sunlight,  never  tempered  by  passing  clouds  or  even  an 
atmosphere,  and  the  blackness  and  frigidity  uf  the  lung  lunar 
night.  Month  succeeds  month,  age  after  age,  with  no  im- 
portant variations  in  these  phenomena. 

139.  The  Effects  of  the  Moon  on  the  Earth.  —  The  moon 
reflects  a  relatively  small  atmiunt  uf  .sunlight  and  heat  to 
the  earth,  and  in  conjunction  witli  tfie  sun  it  produees  the 
tides.  These  are  the  only  influences  of  the  moon  on  the 
e.'irth  that  can  ijc  observed  by  the  ordinary  pcrstin.  It  has 
a  number  of  very  minor  effects,  such  as  causing  minute 
variations  in  the  magnetic  nee<Ile,  the  precession  of  the  equi- 
noxes, and  slight  changes  in  the  motion  of  the  earth;  but 
they  are  all  ^u  .small  that  they  can  be  detected  only  by  re- 
fined scientific  methods. 

There  are  a  great  many  ideas  popularly  entertained,  such 
as  that  it  is  more  lialile  to  rain  at  the  time  of  a  change  of 
the  moon,  or  that  crops  grow  bl-st  when  planted  in  certain 
pha-ses,  which  have  no  scientific  foundation  whatever.  It 
follows  from  the  fact  that  more  light  and  heat  are  received 
from  the  sun  in  1.3  seconds  than  from  the  moon  in  a  whole 
year,  that  its  heating  effects  on  the  earth  cannot  be  impor- 
tant. The  passing  of  a  fleecy  cloud,  or  the  haze  of  Indian 
summer,  cuts  off  more  heat  from  the  sun  than  the  moon 
sends  to  the  earth  in  a  year.     Consequently,  it  is  entirely 
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unreasonable  to  suppose  that  the  moon  has  any  important 
climatic  effects  on  the  earth.  Besides  this,  recorded  obser- 
vations of  temperature,  the  amoimt  of  rain,  and  the  velocity 
of  the  wind,  in  many  places,  for  more  than  100  years,  fail 
to  show  with  certainty  any  relation  between  the  weather  and 
phases  of  the  moon. 

The  phenomena  of  storms  themselves  show  the  essential 
independence  of  the  weather  and  the  phases  of  the  moon. 
Storm  centers  move  across  the  country  in  a  northeasterly 
direction  at  the  rate  of  400  to  500  miles  per  day,  and  some- 
times they  can  be  followed  entirely  around  the  earth.  Con- 
sequently, if  a  storm  should  pass  one  place  at  a  certain  phase 
of  the  moon,  it  would  pass  another  a  few  thousand  miles 
eastward  at  quite  a  different  phase.  The  theory  that  a 
storm  occurred  at  a  certain  phase  of  the  moon  would  then 
be  verified  for  one  longitude  and  would  fail  of  verification 
at  all  the  others. 

140.  Eclipses  of  the  Moon.  —  The  moon  is  eclipsed  when- 
ever it  passes  into  the  earth's  shadow  so  that  it  does  not 


The  uondition  for  eclipses  of  the  moon  and  sun. 


receive  the  direct  light  of  the  sun.  In  Fig.  80,  E  represents 
the  .earth  and  PQR  the  earth's  shadow,  which  comes  to  a 
point  at  a  distance  of  870,000  miles  from  the  earth's  center. 
The  only  light  receivc<l  from  the  sun  within  this  cone  is 
that  small  amount  wliich  is  refracted  into  it  by  the  earth's 
atmosphere  in  the  zone  QR.  In  the  regions  TQP  and  SRP 
the  sun  is  partially  eclii)sed,  the  light  being  cut  off  more  and 
more  as  the  shadow  cone  is  approached.  The  shadow  cone 
PQR  is  called  the  umbra,  and  the  parts  TQP  and  SRP,  the 
penumbra. 
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When  the  moon  is  about  t-o  be  eclipsed,  it  passes  from  full 
illumination  by  the  sun  gradually  into  the  jx>nunihn>,  whore 
at  6r»t  only  a  small  part  of  the  sun  is  obscured,  and  it  then 
proceeds  steadily  across  the  shadow  of  increasing  ilensity 
until  it  arrives  at  A,  where  the  sun's  light  is  entirely  cut  off. 
The  distance  across  the  earth's  shadow  is  so  great  that  the 
moon  is  totallj'  eclipsed  for  nearly  2  hours  while  it  is  pass- 
ing through  the  umbra,  and  the  time  from  the  first  contact 
with  the  umbra  until  the  last  is  about  'i  hours  and  45  minutes. 
It  appears  from  Fig.  80  that  the  moon  woukl  be  eclipsed 
ery  time  it  is  in  opposition  to  the  sun,  but  this  figure  is 
wn  to  show  the  relatioas  as  one  looks  perpendicularly 
on  the  plane  of  the  ecliptic,  neglecting  the  inclination  of  the 
moon's  orbit.     Figure  81  shows  another  section  in  which 


Fig.  81.  —  Condition  in  which  eclipxeii  of  the  moon  and  auu  fail. 

the  plane  of  the  moon's  orbit,  represented  l)y  M N,  is  per- 

endicular  to  the  page.     It  is  obvious  from  this  that,  when 

Ethe  moon  is  in  the  neighborhood  of  A'^,  it  will  pass  south  of 

'the  earth's  shadow  instead  of  through  it.     The  proportions 

in  the  figure  are  by  no  means  true  to  scale,  but  a  detaile<i 

discussion  of  the  numbers  involved  shows  that  usually  the 

^moon  will  pass  through  oppo.sition  to  the  sun  without  en- 

^■countering  the  earth's  shadow.     But  when  the  earth  is  90° 

^■in  it.s  orbit  from  the  position  shown  in  the  hgure,  that  is, 

^^when  the  earth  as  seen  from  t  he  sun  is  at  a  node  of  the  moon's 

orbit,  the  plane  of  the  moon's  orbit  will  pass  through  the 

^Leun,  and  consequently  the  moon  will  be  eclipsed.     At  least, 

"the  moon  will  be  eclipsed  if  it  is  full  when  the  earth  is  at  or 

near  the  node.    The  earth  is  at  a  node  of  the  moon's  orbit 

at  two  times  in  the  year  separated  by  an  interval  of  six 
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months.  Consequently,  there  may  be  two  eclipses  of  the 
moon  a  year;  but  because  the  moon  may  not  be  full  when 
the  earth  is  at  one  of  these  positions,  one  or  both  of  the 
eclipses  may  be  missed. 

Sin(;c  the  sun  apparently  travel.s  along  the  ecliptic  in  the 
sky,  the  earth's  shadow  is  on  the  ecliptic  180°  fn)m  the  sun. 
The  places  where  the  moon  crossej*  the  ecliptic  are  the 
nodes  of  its  orbit,  and,  consequently,  there  can  be  an  eclipse 
of  the  nioun  only  when  it  is  near  one  of  its  nodes.  Since 
the  nodes  continually  regress  as  a  con.sequence  of  the  .sun's 
attraction  for  the  moon,  the  eclipses  occur  earlier  year  after 
year,  completing  a  cycle  in  18.6  years. 

One  .scientific  use  of  ecliijscs  of  the  moon  is  that  when  they 
occur,  the  heat  radiateil  by  the  moon  after  it  has  just  been 
expo.sed  to  the  perpendicular  rays  of  the  sun  gives  an  op- 
portunity, as  was  exiihiined  in  .Art.  133,  of  determining  its 
temperature.  Also,  at  the  time  of  a  lunar  eclip.se,  the  stars 
in  the  neighborhurxl  of  the  moon  can  easily  l)e  observed,  and 
it  is  a  sim|)k'  matter  t"  determine  tlie  exact  instant  at  which 
the  moon  pas.ses  in  front  of  a  star  ami  cuts  off  its  light. 
Since  the  positions  of  the  stars  are  well  known,  such  an 
observation  locates  the  moon  with  great  exactness  at  the 
time  the  observation  is  made.  It  is  imaginable  that  the 
moon  may  be  attended  by  a  small  satellite.  If  the  moon  is 
not  eclipsed,  its  own  light  or  that  of  the  smi  will  make  it 
im{HJs.sible  to  see  a  verj'  minute  body  in  its  neighborhcKxl ; 
hut  at  the  time  of  an  eclipse,  a  satellite  may  be  exposed  to 
the  rays  of  the  sun  while  the  neighboring  sky  will  not  be 
lighted  up  by  the  moon.  Only  at  such  a  time  would  there 
be  any  hope  of  discovering  a  small  body  revolving  around 
the  moon.  A  search  fur  such  an  attendant  has  been  made, 
but  ha.s  so  far  proved  fruitless. 

141.  Eclipses  of  the  Sun.  —  The  sun  is  eclipsed  when 
the  moon  is  so  situated  as  to  cut  off  the  sun's  light  from  at 
least  a  portion  of  the  earth.  The  apparent  diameter  of  the 
moon  is  only  a  little  greater  than  that  of  the  sun,  and,  con- 
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Bcqucntly,  eclipses  of  the  .sun  last  for  a  very  short  time. 
This  statement  is  equivalent  to  saying  that  the  shadow  cone 
of  the  moon  comes  to  a  point  near  the  surface  of  the  earth, 
as  is  shown  in  Fig.  SO.  It  is  also  obvious  from  this  diagram 
that  the  sun  is  eelipsed  as  seen  from  finly  a  small  part  of  the 
earth.  As  the  moon  moves  around  the  earth  in  its  orbit 
and  the  earth  rotates  on  its  axis,  the  shattow  cone  of  the 
moon  de-scribcs  a  streak  across  the  earth  which  may  be 
somewhat  curved. 

It  follows  from  the  fact  that  the  path  of  the  moon's  shadow 
across  the  earth  is  verj'  narrow,  as  shown  in  Fig.  82,  that  a 


Fiu.  83.  —  Putb  of  the  total  eclipse  of  the  stui.  Augiut  20-30,  IMIB. 


total  eclipse  of  the  sun  will  be  observed  very  infrequently 
at  any  given  place.  On  this  account,  as  well  as  because  it 
is  a  startling  phenomenon  for  the  sun  to  become  dark  in  the 
daytime,  eclipses  have  always  been  ver.v  noteworthy  occur- 
rences. Repeatedly  in  ancient  times,  in  which  the  chro- 
nology was  very  uncertain,  writers  referred  to  eclipses  in  con- 
nection with  certain  historical  events,  and  a.stronnmers, 
calculating  back  across  the  centuries,  have  been  able  to 
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identify  the  eclipses  and  thus  fix  the  dates  for  historians  in 
the  present  system  of  eoiuiting  time.  The  infrequency  of 
eclipses  at  any  partictiliir  place  is  exadcnt  from  Fig.  83, 
which  gives  the  paths  of  all  the  total  eclipses  of  the  sun 
from  1894-1973.  In  this  long  period  the  greater  part  of 
the  world  is  not  touched  by  them  at  all. 

So  far  the  di.scussion  fuis  referrinl  only  to  total  eclipses  of 
the  sun ;  but  in  the  regions  on  the  earth's  surface  which  are 


Fio.  83.  —  Pathu  o(  total  eclipees  of  the  sun.     <From  Todd'a  Tot«l  Eclipses.) 

ncMr  the  path  of  totality,  or  in  the  penumbrti  of  the  moon's 
shadow,  which  is  entirely  analogous  to  that  of  the  earth, 
there  are  partial  eclipses  of  the  sun.  The  region  covered  by 
the  penumbra  is  many  times  that  where  an  eclipse  is  total; 
and,  conse(|uenl!y,  partial  eclipses  of  the  mm  are  not  very 
infrequent  phenomena. 

There  is  not  an  eclipse  of  the  sun  every  time  the  moon  is 
in  conjunction  with  the  sun  because  of  the  inclination  of  its 
orbit.     For  example,  when  it  is  near  M,  Fig.  81,  its  shadow 
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passes  north  of  the  earth.  In  fact,  edifies  of  the  sun  occur 
only  when  the  sun  is  near  one  of  the  moon's  nodes,  just  as 
eclipses  of  the  moon  occur  only  when  the  earth's  shadow  is 
near  one  of  the  moon's  nodes.  Consequently,  eclipse.s  occur 
twice  a  year  at  intervals  separated  by  6  synodical  months. 
Since  the  moon's  nodes  regress,  making  a  revolution  in  18.6 
ye^rs,  echpses  occur,  on  the  average,  alxiut  20  days  earlier 
each  year  than  on  the  preceding  j'ear. 

The  distance  UV.  Fig.  80.  within  which  an  eclipse  of  the 
sun  can  occur  is  greater  than  AB,  within  which  an  eclipse 
of  the  moon  can  occur.  Therefore  it  is  not  necessary  that 
the  sun  shall  be  as  near  the  moon's  node  in  order  that  an 
eclipse  of  the  sun  may  result  as  it  is  in  order  that  there  may 
be  an  eclipse  of  the  moon.  When  the  relations  are  worked 
out  fully,  it  is  found  tfiat  there  will  be  at  lea.st  one  solar 
eclipse  each  time  tiie  sun  jja.sses  the  moon's  nodi',  and  that 
there  may  be  two  of  them.  Consequently,  in  a  year,  there 
may  be  two,  three,  or  ftjur  eclipses  of  the  sun.  If  there  are 
only  two  eclijjses,  the  moon's  shadow  is  likely  to  strike 
somewhere  near  the  center  of  the  larth  and  give  a  total 
eclipse.  On  the  other  hand,  if  there  are  (wo  eclipses  while 
the  sun  is  passing  a  single  notl(>  of  the  moon's  orbit,  they 
must  occur,  one  when  the  sun  is  some  distance  from  the  node 
on  one  side,  and  the  other  when  it  is  some  distance  from  the 
node  on  the  other  sitie.  In  this  case  the  moon's  shadow, 
or  at  least  its  penumbra,  strikes  first  near  one  pole  of  the 
earth  and  then  near  the  other.  These  eclipses  are  generally 
only  partial. 

142.  Phenomena  of  total  Solar  Eclipses,  —  A  total  eclipse 
of  the  sun  is  a  stsutliitg  phenomenon.  It  always  occurs  pre- 
cisely at  new  moon,  iiiul  consc(|uently  the  moon  is  invisible 
until  it  begins  to  obscure  the  .sun.  The  first  indication  of  a 
olar  eclipse  is  a  black  slit  or  .'section  cut  out  of  the  western 
Ige  of  the  sun  by  the  moon  which  is  |)assing  in  front  of  it 
from  west  to  east.  For  some  time  the  sunlight  is  not 
diminished  enough  to  be  noticeable.    Steadily   the  moon 
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moves  over  the  sun's  disk ;  and,  as  the  instant  of  totaLty 
draws  near,  tho  light  rapidly  fails,  animals  heroiiK'  restless, 
and  everything  takes  on  a  weird  appearance.  Suddenly  a 
shadow  rushes  across  the  surface  of  the  earth  at  the  rate  of 
more  than  1300  miles  an  hour,  the  sun  is  covered,  the  stars 
flash  out,  arcnind  the  apparent  edge  of  the  moon  are  rose- 
colored  prominences  (Art.  236)  of  vaporous  material  forced 
up  from  the  suns  surface  to  a  height  of  perhaps  200,000 
miles,  and  atl  around  the  sun,  extenthng  out  as  far  as  half 
its  diameter,  are  the  streamers  of  pearly  light  which  con- 
stitute the  sun's  corona  (Art.  238).  After  alwut  7  minutes, 
at  the  very  most,  the  western  edge  of  the  sun  is  uncoverwl, 
daylight  sudd<'nl\'  reapi)ears,  and  the  phenomena  of  a  partial 
eclipse  take  place  iti  the  reverse  oriler. 

Total  eclipses  of  the  sun  afford  the  most  favorable  condi- 
tions for  searching  for  small  planets  vvitliin  the  orbit  of  Mer- 
cury, and  it  is  only  during  them  that  the  sun's  corona  can  be 
observed. 

X.    QUESTIONS 

1.  Verify  by  observations  the  motion  of  the  moon  eastward 
among  the  8tars,  and  its  change  in  declinatinn  during  n  month. 

2.  For  an  ohsi<rver  on  the  moon  dpsprihe.  («)  the  apparent 
motions  of  the  st^rs :  (6)  the  motion  of  the  sun  with  re-spect  to  the 
stars  ;  (c)  the  diunial  motion  of  the  sun  ;  {</)  the  motion  of  tlie  earth 
with  resiH'ct  to  the  stars;  (e)  tlif  rnotitm  of  tht-  eartii  with  rv'SiX'ct  to 
the  sun  ;  (/)  tlio  diurnal  motion  of  the  earth  ;  ig)  thu  libration.s  of  the 
earth. 

3.  Deseritx^  the  phases  the  moon  would  havi'  tliroughout  the 
year  if  the  plane  of  it.s  orbit  were  perpendicular  to  the  jtlane  of  the 
ecliptic. 

4.  What  would  1r'  the  moon's  synodical  period  if  it  revolved 
around  the  eartli  from  e^iat  to  west  in  the  same  sidereal  period? 

">.  Show  by  a  diagram  that,  if  the  moon  always  presents  the  same 
face  toward  the  earth,  it  rotates  on  its  axis  and  its  jx>riod  of  rotation 
equals  the  sidereal  itioiilh. 

G.  Is  it  pos.sihie  tliui  the  moon  has  an  atmosphere  and  water  on 
the  side  remote  from  the  earth? 

7.  Suppose  you  could  go  to  the  moon  and  live  there  a  month. 
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GivT>  details  regarding  what  you  would  ol>sen'c>  and  tho  experiences 
you  would  have. 

8-  What  arc  the  objections  to  the  theory  that  lunar  craters  are 
of  voleanie  origin  '!    That  they  were  produced  by  meteorites  7 

9.   How  do  you  interpret  rays  and  rills  under  tho  hypothesis  that 
lunar  craters  were  pn>dueed  Ijy  inoteoriU's  ? 

10.  If  the  earth's  wfleotine  power  is  4  times  that  of  tho  moon, 
how  does  oarthshino  on  the  moon  compare  with  moonshine  on  the 
eBTth? 


CHAPTER  VIII 
THE   SOLAR   SYSTEM 

I.  The  Law  of  Gravitation 

143.  The  Members  of  the  Solar  System.  —  The  members 
of  the  solar  system  arc  the  sun,  the  planets  and  their  satel- 
lites, the  planetoids,  the  comets,  and  the  meteors.  It  may 
possibly  be  that  some  of  the  comets  and  meteors,  coming  in 
toward  the  sun  from  great  distances  and  passing  on  again, 
are  only  temporary  members  of  the  system.  The  sun  is 
the  one  prci'iniiiont  body.  Its  volume  is  nearly  a  thousand 
times  that  of  all  the  other  bodies  combined,  its  mass  is  so 
great  that  it  controls  ail  their  motions,  and  its  rays  illuminate 
and  warm  them.  It  is  impossible  to  treat  of  the  planets 
without  taking  into  account  their  relations  to  the  .sun,  but 
the  constitution  and  evolution  of  the  sun  are  quite  inde- 
pendent of  the  planets. 

The  eight  known  planets  are,  in  the  order  of  their  distance 
from  the  sun.  Mercury,  Venus,  Earth,  Mars,  Jupiter,  Saturn, 
Uranus,  and  Neptune.  The  first  six  are  conspicuous  objects 
to  the  unaided  ej'c  when  they  are  favorably  located,  and  they 
have  been  known  from  prehistoric  times;  Uranus  and 
Neptune  were  discovered  in  1781  and  1846,  respectively. 
The  planetoids  (often  called  the  small  planets  and  sometimes 
the  asteroids)  are  small  planets  which,  with  a  few  exceptions, 
revolve  around  the  sun  between  the  orbits  of  Mars  and 
Jupiter.  The  comets  are  bizarre  objects  whose  orbits  are 
very  elongated  and  lie  in  every  position  with  respect  to  the 
orbits  of  the  planets.  Probably  at  least  a  part  of  the  meteors 
are  the  remains  of  disintegrated  comets ;  they  are  visible 
only  when  they  strike  into  the  earth's  atmosphere. 
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144.  The  Relative  Dimensioas  of  the  Planetary  Orbits.  — 
The  distance  from  the  earth  to  the  sun  is  culled  the  astro- 
nomical unit.  The  distances  from  the  plunets  to  the  sun  can 
be  detcmuned  in  terms  of  the  astronomical  unit  without 
knowing  its  value  in  miles. 

Consider  first  the  planets  whose  orbits  are  interior  to  that 
of  the  earth.  They  are  calletl  the  infer  tor  planets.  In 
Fig.  84  let  S  represent  the  suii,  V  the  planet  Venus,  and 
E  the  earth.  The 
angle  SEV  is  called 
the  elongation  of  the 
planet,  and  may  varj' 
from  zero  up  to  a 
maximum  which  tle- 
pends  upon  the  size  of 
the  orbit  of  V.  When 
the  elongation  is  great  - 
est,  the  angle  at  V  is  a 
right  angle.  Suppo.se 
the  elongation  of  V  is 
determined  by  obser- 
vation day  after  day 
until  it  reaches  its 
maximum.  Then,  since 
the  elongation  is  measured  and  the  angle  at  V  is  90°,  the 
shape  of  the  triangle  is  detennined,  and  SV  can  be  com- 
pute<l  by  trigonometry  in  terms  of  SE. 

Now  consider  the  planets  whose  orbits  are  outside  that 
of  the  earth.  They  are  called  the  superior  planet-i.  Sup- 
pose the  periods  of  revolution  of  the  earth  and  Mars,  for 
exaiiiple,  have  been  detennined  from  long  series  of  obser- 
vations. This  can  be  done  without  knowing  anything  about 
their  actual  or  relativt?  distances.  For,  in  the  first  place, 
the  earth's  period  can  be  obtained  from  observations  of  the 
apparent  position  of  the  sun  with  respect  to  the  stars;  and 
then  the  period  uf  Mars  can  be  found  from  the  time  re- 
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quired  for  it  to  move  from  a  certain  position  with  respect 
to  the  sun  back  to  the  same  position  iigain.  For  example, 
when  a  planet  is  exactly  180"  from  the  sun  in  the  skj',  as 
seen  from  the  earth,  it  is  said  to  be  in  opposition.  The  period 
from  opposition  to  opposition  is  called  the  sijnodiad  period 
(compare  Art.  120).  Let  the  sidereal  periotl  of  the  earth 
be  represented  by  E,  the  sidereal  periotl  of  the  {)lanet  bj'  P, 
and  its  synodical  period  by  S.  Then,  analogous  to  the  case 
of  the  moon  in  Art.  120,  F  is  defined  by 


1 
P 


1 

E 


S 


Now  return  to  the  problem  of  finding  the  distance  of  a 
superior   planet    in    terms   of    the    astronomical    unit.     In 

Fig.  85,  let  S  repi-e.sent  the 
sun,  and  Ei  and  M,  the 
positions  of  the  earth  and 
Mars  when  Mars  is  in  oppo- 
sition. Let  Ei  and  M^  rep- 
resent the  positions  of  the 
earth  and  Mars  when  the 
angle  at  /?j  is,  for  example, 
a  righl  angle.  Mars  is  then 
said  to  be  in  quadrature,  and 
the  time  when  it  has  this 
position  can  be  determined 
by  observation.  The  angles 
MiSE;  and  A/i.S'.U,  can  lie 
determined  from  the  periods  of  the  earth  and  Mars  and  the 
interval  of  time  reciuired  for  the  earth  antl  Mars  to  move 
from  El  and  Mi  respectively  to  E^  atnl  .l/j.  The  diiTerence 
of  these  two  angles  is  MiSEi,  from  which,  together  with 
the  right  angle  at  £'»,  the  distance  iSA/j  in  terms  of  SEt  can 
be  computed  by  trigonometry. 

A  little  complication  in  the  processes  which  have  been 
dejjcribed  arises  from  the  fact  that  the  orbit  of  the  earth  is 


Via.  8£. 


-  Fiiidiiiir  (hi»  diHtnrir^  of  a 
sup<"riiir  (ihiiu'l. 


CH.  rin,  145] 


THE   SOLAR   SYSTEM 


229 


not  a  circle.  But  the  manner  in  whicti  the  distance  of  the 
eartJi  from  the  sun  varies  can  easily  be  determined  from 
observations  of  the  apparent  diameter  of  the  sun,  for  the 
apparent  diameter  of  an  object  varies  inversely  as  its  dis- 
tance. After  the  variations  in  the  earth's  distance  have  been 
found,  the  results  can  all  be  reciuced  without  difficulty  to  a 
single  unit.  The  unit  adopted  is  half  the  length  of  the 
earth's  orbit,  and  is  called  its  mean  distance,  though  it  is  a 
Utile  less  than  the  averane  distance  to  the  sun. 

146.  Kepler's  Laws  of  Planetary  Motion.  —  The  last 
great  observer  before  the  invention  of  the  telescope  was  the 
Danish  astronomer  Tycho 
Brahe  ( 1 54ti-ia01) .  He  was 
an  energetic  and  most  pains- 
taking worker.  He  not  only 
catalogued  many  stai-s,  but 
be  also  observed  comets, 
proving  they  are  i)eyond  the 
earth's  atmosphere,  and  ob- 
tained an  almost  continuous 
record  for  many  ycjirs  of  the 
positions  and  motions  of  the 
sun,  moon,  and  planets. 

Tycho  Brahc's  successor 
was  his  pupil  Kepler  (1571- 
1630),  who  spent  more  than 
20  years  in  attempting  to  find 
from  the  observations  of  his  master  the  manner  in  which  the 
planets  actually  move.  The  results  of  an  enormous  amount 
of  calculation  on  his  part  arc  contained  in  the  following  three 
laws  of  planetary  motions  : 

I.  Every  planet  moves  so  that  the  line  joining  it  to  the  sun 
fUeeps  over  equal  areas  in  equal  intervals  of  time,  whatever 
Ikeir  length.     This  is  known  as  the  law  of  areas. 

II,  The  orbit  of  every  planet  is  an  ellipse  vnth  the  sun  at 
one  of  its  foci. 
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III.  The  sqvares  of  the  periods  of  any  two  planets  are 
proportional  to  the  cubes  of  their  mean  distances  from  the 
sun. 

All  the  complexities  of  the  apparent  motions  of  the  planets 
are  explained  by  Kepler's  three  simple  laws  when  taken  in 
connection  with  the  periods  of  the  planets  and  the  positions 
of  their  orbits. 

146.  The  Law  of  Gravitation.  —  Newton  based  his  great- 
est discovery,  the  law  of  gravitation,  on  Kepler's  laws.  From 
each  one  of  them  he  drew  an  important  conclusion. 

Newton  proved  by  a  suitable  mathematical  discussion, 
based  on  his  laws  of  motion,  that  it  follows  from  Kepler's 
first  law  that  every  planet  is  acted  on  by  a  force  which  is  di- 
rected toward  the  sun.  This  wa-s  the  first  time  that  the  sun 
and  planets  were  shown  to  be  connected  dynamically.  Be- 
fore Newton's  time  it  was  generally  supposed  that  there 
was  some  force  acting  on  the  planets  in  the  direction  of  their 
motion  which  kept  them  going  in  their  orbits. 

The  first  law  of  K(ipler  led  to  the  conclusion  that  the  planets 
are  acted  on  by  forces  directed  toward  the  sun,  but  gave  no 
information  whatever  regarding  the  manner  in  which  the 
forces  depend  upon  the  position  of  the  planet.  The  second 
law  furnishes  a  basis  for  the  answer  to  this  question,  and 
from  it  Newton  proved  that  the  force  acting  on  each  planet 
varie.s  inversely  as  the  s(juwc  of  its  distance  from  the  sun. 

The  law  of  the  inverse  squares  is  encountered  in  many 
phenomena  besides  gravitation.  For  example,  it  holds  for 
magnetic  and  electric  forces,  the  intensity  of  light  and  of 
sound,  and  the  magnitudes  of  water  and  earthquake  waves. 
The  reason  it  holds  for  the  radiation  of  light  is  easily  under- 
stood. The  area  of  the  spherical  surface  which  the  rays 
cross  in  proceeding  from  a  point  is  proportional  to  the 
square  of  its  radius.  Since  the  intensity  of  illumination  is 
inversely  proportional  to  the  illuminated  area,  it  is  inversely 
as  the  square  of  the  ilistance.  If  gravitation  in  some  way 
depended  on  Unes  of  force  extending  out  from  matter  radially, 
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It  would  vary  inversely  as  the  square  of  the  distance,  but 
nothing  is  positively  known  as  to  its  nature. 

Another  interesting  question  remains,  and  that  is  whether 
the  gravitation  of  a  bo<ly  is  strictly  proportional  to  its 
inertia,  regardless  of  its  constitution  and  condition,  or 
*rhelher  it  depends  upon  its  composition,  temperature,  and 
ther  chanicteristics.  All  other  known  forces,  such  as  mag- 
etism,  depend  upon  other  things  than  mass,  and  it  might 
be  exp€cte<l  the  same  would  l)c  true  of  gravitation.  But  it 
follows  from  Kepler's  tliinl  luw  that  the  sun's  attraction  for 
the  several  planets  is  imlf-pendfiit  of  their  different  consti- 
tutions, motions,  and  physical  conditions.  Since  the  same 
law  holds  for  the  8(M)  planetoids  as  well,  in  which  there  is 
opportunity  for  great  divei-sitie.s,  it  is  concluded  that  gravita- 
tion depentis  ujion  nothing  whatever  except  the  masses  and 
the  distances  of  the  attracting  butlios. 

Suppose  the  attraction  betwcH'ii  unit  masse.s  at  unit  dis- 
Iahcc  is  taken  as  unity,  and  consider  the  attraction  of  a 
body  composed  of  many  units  for  another  of  many  units. 
To  fix  the  ideas,  suppo.se  one  bofly  has  5  units  of  ma.ss  and 
the  other  4  units;  the  problem  is  to  find  the  number  of 
units  of  force  between  them  at  distance  unity.  Each  of  the 
5  units  exerts  a  unit  of  force  on  each  of  the  4  units.  That 
is,  each  of  the  .5  units  exerts  all  together  4  units  of  force  on 

tthe  second  body.  Therefore,  the  entire  first  body  exerts 
6  X  4  =  20  units  of  force  on  the  second  body ;  or,  the 
whole  force  is  proportional  to  the  products  of  the  masses. 
On  uniting  the  results  obtained  from  Kepler's  three  laws 
tod  assuming  that  they  hold  always  and  everywhere,  the 
universal  law  of  gravitation  is  obtained : 

Every  particle  of  maUer  in  the  icniverse  attracts  every  other 
pariide  with  a  force  which  is  proportional  to  the  product  oj 
their  masses,  and  which  varies  inversely  as  the  square  of  the 
distance  betireen  them. 

147.  The  Importance  of  the  Law  of  Gravitation.  —  The 
importance  of  a  physical  law  depends  upon  the  number  of 


w. 
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phenomena  it  coordinates  anti  upon  the  power  it  gives  the 
scientist  of  making  prerlictions.  Consider  the  law  of  gravi- 
tation in  these  respects.     In  his  great    worlv,    Philosophice 


Fio.  h7.  —  Isaac  Newton. 

Naiuralis  Principm  Mathemalica  (The  Mathematical  Prin- 
ciples of  Natural  Philo.sophy),  commonly  called  simply  the 
Princiju'n,  Newton  showed  how  every  known  phenomenon 
of  the  motions,  shapes,  and  tides  of  the  solar  system  could  be 
explained  by  the  law  of  gravitation.     That  is,  the  elliptical 
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paths  of  the  planets  and  the  moon,  the  slow  changes  in  their 
orbits  produced  by  their  slight  mutual  attractions,  the  oblate- 
ness  of  rotating  bodies,  the  precession  of  the  equinoxes,  and 
the  countless  small  irregularities  in  planetary  and  satelUte 
motions  that  can  be  detected  by  powerful  telescopes,  are 
all  harmonious  under  the  law  of  f?ravitatioii,  and  what  once 
seemed  to  Ix'  a  hoju'less  tangle  has  lieen  found  to  be  an 
orderly  system.  All  the  discoveries  in  this  direction  for  more 
than  200  years  have  coiifirmeil  the  exactness  of  the  law 
of  |»ravitation  until  it  is  now  by  far  the  most  certainly 
established  physical  law. 

Not  only  is  the  law  of  gravitation  operative  in  the  great 
phenomena  where  its  effects  are  easy  to  detect,  but  also  in 
everything  in  which  the  motion  of  matter  is  involved.  It  is 
found  on  reflection  that  all  phenomena  depend  either  directly 
or  indirectly  upon  the  motion  of  matter,  for  even  changes 
of  the  mental  state  of  an  individual  are  accompanied  by 
ponding  changes  in  the  structure  of  his  brain.     When 

person  moves,  his  changed  relation  to  the  remainder  of 
the  universe  causes  a  corresponding  change  in  the  gravita- 
tional stress  by  which  he  is  connected  with  it ;  indeed,  when 
he  thinks,  the  alterations  in  his  bruin  at  once  cuiu.'^e  alter- 
ations in  the  gravitational  force.H  between  it  and  matter 
even  m  the  remotest  parts  of  space.  These  effects  are  cer- 
tainly real,  though  there  is  no  known  means  of  tietecting 
them. 

The  law  of  gravitation  became  in  the  hands  of  the  suc- 
cessors of  Newton  one  of  the  most  valuable  means  of  dit<- 
oovery.  Time  after  time  such  great  mathematicians  as 
Laplace  and  Lagrange.  u.sing  it  as  a  bjisis,  predicted  things 
which  had  not  then  been  ob.served,  but  which  invariaiily 
were  found  later  to  br>  true.  But  scientific  men  are  not 
contenteil  with  simply  making  predictions  and  finding  that 
they  come  true.  On  the  basis  of  their  established  laws  they 
seek  to  foresee  what  will  happen  in  the  almost  indefinite 
future,  even  beyond  the  time  when  the  human  race  shall 
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have  become  extinct,  and,  similarly,  what  the  conditions  werel 
back  before  the  time  when  life  on  the  earth  began. 

The  law  of  gravilatioa  vvat*  uniioubtedly  Newton's  greatest 
discovery,  and  the  importance  of  it  and  his  other  scientific 
work  is  indicated  by  the  statements  of  competent  judges. 
The  brilliant  Clerman  scholar,  Leibnitz  (1646-1716),  a  con- 
teraporarj'  of  Newton  and  liis  greatest  rival,  said,  "  Taking 
mathematics  from  the  Ijeginninj;  of  the  world  to  the  time 
when  Newton  lived,  what  hf  had  doiH'  was  much  the  better 
half."  The  French  mathematician,  Lagrange  (1736-1813), 
one  of  the  gix'at<wt  mast^i-H  of  celestial  mechanics,  wrote, 
"  Newton  was  the  greatest  genius  that  ever  existed,  and  the 
most  fortunate,  for  we  cannot  6nd  more  than  once  a  sys- 
tem of  the  world  to  establish."  The  English  writer  on  the 
history  of  science,  WhewcU,  said,  "  It  [the  law  of  gravita- 
tion] is  indisputablj'  and  incomparably  the  greatest  scientific 
discovery  ovtT  made,  whether  we  look  at  the  advance  which 
it  involved,  the  extent  of  the  trutii  disdosetl,  or  the  funda- 
mental and  sati.sfactory  natun;  of  this  truth."  Compare 
these  splendid  and  deserved  eulogies  with  Newton's  own 
estimate  of  his  efforts  to  find  the  truth  :  "  I  do  not  know 
what  I  may  appear  to  the  world ;  but  to  myself  1  seem  to 
have  l>een  only  likr  a  boy  playing  oti  the  si'ashore,  and 
diverting  myself  in  now  and  then  finding  a  smoother  pebble 
or  a  prettier  shell  than  ordinary,  while  the  great  ocean  of 
truth  lay  all  undiscovered  before  me."  There  is  every 
reasim  to  believe  that  this  is  the  sincere  and  unaffected  ex- 
pres.siori  of  a  great  mind  which  realized  the  magnitude  of 
the  unknown  as  compared  to  the  known. 

In  Westminster  Abbey,  in  London,  Newton  lies  buried 
among  the  noblest  anil  the  greatest  English  <iead,  and  over 
his  tomb  on  a  tablet  thev  have  justly  engraved,  "  Mortals, 
congratulate  yourselves  that  so  great  a  man  has  lived  for 
the  honor  of  the  human  race," 

148.  The  Conic  Sections.  —  After  having  found  that,  if 
the  orbit  of  a  body  is  an  elhpse  with  the  ceuter  of  force  at  a 
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focus,  then  the  force  to  which  it  is  subject  varies  inversely  as 
the  square  of  its  distance,  Newton  took  up  the  converse 
problem.  Under  the  assumption  that  the  attractive  force 
varies  inversely  as  the  square  of  the  distance,  he  proved 
that  the  orbit  must  be  what  is  called  a 
conic  section,  an  example  of  which  is  the 
ellipse. 

The  conic  sections  arc  highly  interesting 
curves  first  studicfl  by  the  ancient  Oreeks. 
They  derive  tiicir  name  from  the  fact  that 
thej'  c«n  be  obtaincfi  F)y  rutting  a  circular 
cone  with  planes.  In  Fig.  88  is  shown  a, 
double  circular  cone  whose  vertex  is  at  V. 
A  plane  section  perpendicular  to  the  axis 
of  the  cone  gives  a  circle  C.  An  obliqup 
section  gives  an  cUipse  E;  however,  the 
plane  must  cut  Ixith  sides  of  the  cone. 
When  the  plane  is  parallel  to  nnc  side,  or 
element,  of  the  cone,  a  paruboia  J'  is  ol)- 
tained.  When  the  plane  cuts  the  two 
branches  of  the  fioubie  cone,  the  two 
branches  of  an  hyperbola  H  H  arc  ob- 
tained. There  are  in  addition  tu  these 
figures  certain  limiting  cases.  One  is  that 
in  which  the  intersecting  plane  pa.sses 
only  through  the  vertex  V  giving  a 
simple  point ;  another  is  th.Tt  in  which  the  intersecting  plane 
touches  only  one  element  of  the  cone,  giving  a  single  straight 
Hne;  and  the  last  is  that  in  which  the  intersecting  plane 
through  the  vertex  V  and  cuts  lH>th  branches  of  the 
cone,  giving  two  intersecting  straight  lines. 

The  character  of  the  conic  described  depends  entirely 
upon  the  central  force  and  the  way  in  which  the  body  is 
started.  For  example.  suppo.«e  a  body  is  started  from  O, 
Fig.  89,  in  the  direction  OT.  perpendicular  to  OS.  If 
the  initial  velocity  of  the  body  is  zero,  it  will  fall  straight  to 


Fio.  S».  —  The  conic 
neotions. 
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S.  If  the  initial  velocity  is  not  too  great,  it  will  describe  the 
ellipse  E,  and  0  will  be  the  aphelion  point.  If  the  initial 
velocity  is  just  great  enough  so  that  the  centrifugal  acceler- 
ation balances  the  attraction,  the  orbit  will  be  the  circle  C. 
If  the  initial  velocity  is  a  little  greater  than  that  inthecircle, 
the  body  will  descril>e  the  ellipse  E',  and  0  will  be  the  peri- 
helion point.     If  the  initial  velocity  is   exactly   V2    times 

that  for  the  circular  orbit, 
the  ix)dy  will  move  in  the 
parabola  P.  If  the  initial 
velocity  is  still  greater,  the 
orbit  will  be  nn  hyperliola  H. 
And  finally,  if  the  initial  ve- 
locity is  infinite,  the  path  will 
be  the  straight  line  who.se 
direction  is  OT.  If  the  ini- 
tial direction  of  motion  is 
not  perpendicular  to  OS,  the 
results  are  analogous,  except 
that  there  is  then  no  initial 
velocity  which  will  give  a 
circular  orbit. 

It  is  seen  from  this  discus- 

Fio.  89.  —  Different  conies  depending    sion  that  it  i.s  as  natural  for  a 
on  the  iuitittl  velocity.  y^^^^,y  ^^    ^^^^^    ^^   ^^^^   ^,^^.^ 

section  as  in  another.  Some  of  the  satellites  move  in  orbits 
which  are  very  nearly  circular;  the  planets  move  in  ellipses 
\\ith  varying  degrees  of  elongation ;  many  comets  move  in 
orbits  which  are  sensible  parabola-s;  and  there  may  possibly 
be  comets  which  move  in  hyperbolas. 

149.  The  Question  of  other  Laws  of  Force.  —  Many, 
other  laws  of  force  than  that  of  the  inverse  squares  are 
conceivahle.  tor  example,  the  intensity  of  a  force  miglit 
vary  inversely  as  the  third  power  of  the  distance.  The  char- 
acter of  tEe  curve  (Tescribed  l>y  a  body  mo\'ing  subject  to  any 
such  force  can  be  determined  by  mathematical  processes. 
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It  19  found  that,  if  the  force  varied  according  to  any  other 
power  of  the  distance  than  the  inverse  square,  except  directly 
as  the  first  power,  then  (save  in  special  initial  conditions)  the 
orbits  would  be  curves  leading  either  into  the  center  of  force 
or  out  to  infinity.  Such  a  law  would  of  course  be  fatal  to 
the  permanence  of  the  planetary  system. 

If  the  force  varied  directly  as  the  distance,  the  orbits 
would  all  be  exactly'  ellipses,  in  spite  of  the  miitii;il  nttrj^y- 
tions  of  the  planets,  the  sun  would  bo  at  the  center  of  all  thi- 
orbits,  and  all  the  periods  would  be  the  same.  Tliis  would 
imply  an  enormous  speed  for  the  remote  bodies. 

150.  Perturbations.  —  If  the  planets  were  subject  to  no 
forces  except  the  attraction  of  the  sun,  their  orbits  would  be 
strictly  ellipses.  But,  according  to  the  law  of  gravitation, 
everj'  planet  attracts  every  other  planet.  Their  mutual 
attractions  are  small  compared  to  that  of  the  sun  because 
of  their  relatively  small  masses,  hut  they  cause  sensible, 
though  small,  de\nations  from  .strict  elliptical  motion,  which 
arc  called  perturbations. 

The  mutual  perturbations  of  the  planets  are  sometimes 
regardetl  as  blemishes  on  what  would  be  othenvi.se  a  perfect 
system.  Such  a  point  of  \iew  is  quite  unjustifietl.  Each 
body  is  subject  to  certain  forces,  and  its  motion  is  the  result 
of  it.s  initial  jx).sition  and  velocity  antl  these  forces.  If  the 
masses  of  the  planets  were  not  so  small  compared  to  that  of 
the  sun,  their  orbit-s  would  not  even  resemble  ellipses. 

The  problems  of  the  mutual  perturbations  of  th<'  planets 
and  those  of  the  perturbations  of  the  moon  are  exceedingly 
difficult,  and  have  taxed  to  the  utmost  the  powers  of  mathe- 
matii'ians.  In  order  to  obtain  .some  idea  of  their  nature  con- 
sider the  case  of  only  two  planets.  Pi  and  Pj-  The  forces 
that  Pi  and  Pj  would  exert  upon  each  other  if  they  both 
moved  in  their  unperturbpfl  eJliptionl  orbits  can  he  computed 
without  excessive  difficulty,  and  the  results  of  these  forces 
can  l>e  determined.  But  the  resulting  departures  from  ellip- 
tical motion  cause  corresponding  alterations  in  the  forces, 
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which  produce  new  perturbations.  These  new  perturbations 
in  turn  change  the  forces  again.  The  forces  give  rise  to  new 
perturbations,  and  the  perturbations  to  new  perturbing 
forces,  and  so  on  in  an  unending  sequeace.  In  the  solar 
system  where  the  ma.s.ses  of  the  planets  are  small  compared 
to  that  of  the  sun,  the  perturbations  of  the  series  decrease 
very  rapidly  in  im{>ortance.  If  the  mawses  of  the  planets 
were  large  comparetl  to  the  sun  so  that  Kepler's  laws  would, 
not  have  l)een  even  approximately  true,  it  is  doubtful  if 
even  the  genius  of  Newton  could  have  extracted  from  the 
intricate  tangle  of  phenomena  the  master  principle  of  the 
celestial  motions,  the  law  of  gravitation. 

Although  the  perturbations  may  be  small,  the  question 
arises  whether  they  may  not  be  extremely  important  in  the 
long  run.  The  subject  was  treated  by  Lagrange  and  La- 
place toward  the  end  of  the  eighteenth  centurj'.  They 
proved  that  the  mean  distances,  the  eccentricities,  and  the 
inclinations  of  the  planetary  orbits  oscillate  through  rela- 
tively narrow  ranges,  at  least  for  a  long  time.  If  these  re- 
sults were  not  true,  the  stability  of  the  system  would  be  im- 
periled, for  with  extreme  variation  of  ft^pecially  the  first  two 
of  these  quantities  the  characteristics  of  the  planetary  orbits 
would  lie  entirely  changed.  t)n  the  other  hand,  the  peri- 
helion points  and  the  places  where  the  planes  of  the  orbits 
of  the  planets  intersect  a  fixed  plane  not  only  have  small 
oscillations,  hut  they  involve  terms  which  continually  change 
in  one  direction.  Examples  tjf  perturbations  of  precisely 
this  sort  already  encountered  are  the  precession  of  the  equi- 
noxes (Art.  47)  and  the  revolution  of  the  moon's  line  of 
nodes  (Art.  119). 

151.  The  Discovery  of  Neptune.  —  Not  onJy  can  the  per- 
turbations be  computed  when  the  jKisitions,  initial  motions, 
and  the  masses  of  the  planets  are  given,  but  the  converse 
problem  can  be  treated  with  some  success.  That  is,  if  the 
perturbations  are  furnished  by  the  ob.servations,  the  nature 
of  the  forces  which  produce  them  can  be  inferred.     The  most 
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celebrated  example  of  this  converse  problem  led  to  the  dls-  ^ 
covery  of  the  planet  Neptune. 

In  1781  Willimn  Herschel  discovereil  the  ulanet  UraiiU3 
while  carrying  out  his  project  of  examining  every  object  in 
the  heavens  within  reach  of  his  telescope.  After  it  had 
been  observed  for  some  time  its  orbit  was  eomputetl.  In 
order  to  predict  its  position  exactly  it  was  necessary  tu 
compute  the  perturba- 
tions due  to  all  known 
bodies.  This  was  done 
by  Bouvard  on  the  batiis 
of  the  mathemaiicnl 
theory  of  Laplace.  But 
by  1820  there  were  un- 
mistakable discordance.s 
between  theory  and  ob- 
servation ;  by  1830,  the"y 
were  still  more  serious ; 
by  1 840.  they  had  become 
intolerable.  This  iloes 
not  mean  that  pretiiction 
assigned  the  planet  to 
one  part  of  the  sky  and 
observation  found  it  in  a 
far  different  one ;  for,  in 
1840,  its  departure  from 
its  calculated  position 
amounted  to  only  two  thirds  the  apparent  distance  between 
the  two  components  of  Epsilon  Lvra  (Art.  88V  a  quantity 
invisible  to  the  unaided  eve.  It  seems  incredible  that  so 
slight  a  discordance  between  theory  and  observation  after  60 
years  of  accumulation  could  have  led  to  any  valuable  results. 

By  1820  it  began  to  be  suggested  that  the  discrepancies 
in  the  motion  of  Uranus  might  be  due  to  the  attraction  of 
a  more  remote  unknown  planet.  The  problem  was  to  find 
the  unknown  planet.    Such  excessive  mathematical  difficul- 
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ties  were  involved  tliat  it  seemed  iiisoluhle.     In  fact,  Sir 
George  Airj",  Astronomer  Royal  of  Enpland.  exprcs.sod  iiim- 

-,  self  later  than  1840  as  n()t  be- 
lieving the  problem  could  he 
.solved.  However,  a  young 
Englishman,  Adtuns,  and  a 
young  Frenchman,  Leverrier, 
with  all  the  enthusiasm  of 
youth,  quite  independently  took 
up  the  problem  about  1845. 
Adams  finished  his  work  first 
tiud  communicated  his  results 
liiith  to  C'hallis,  at  Cambridge, 
:ind  to  .4ini',  at  Greenwich. 
To  say  the  lea.st,  they  took 
tio  very  active  interest  in  the 
matter  and  allowed  the  search 
for  the  supposed  botly  to  be 
postponed.  Adams  continued 
his  work  and  made  five  separate 
and  very  laborious  computa- 
tions. In  the  meantime  Le- 
verrier completed  \m  work  and 
sent  the  results  to  a  young 
German  astronomer,  Galle. 
Imj)atii'ntly  Galle  waited  for 
the  night  and  the  stars.  On 
the  first  evening  after  receiv- 
ing Leverrier's  letter,  Septem- 
ber  23,  1846,  he  looki-d  for 
the  unknown  body,  and  founii 
it  within  half  a  degree  of 
the  position  assigned  to  it 
by  Leverrier,  which  agi-eod 
substantially  with  tiiat  indicated  by  Adams. 

Neptune  is  nearly  three  thousand  miUions  of  miles  from  the 
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earth,  beyond  the  reach  of  all  our  senses  except  that  of  sight, 
and  it  can  be  seen  only  with  telescopic  aid ;  its  distance  is 
so  great  that  more  than  four  hours  arc  required  for  its  light 
to  come  to  us.  yet  it  is  bound  to  the  remainder  of  the  sys- 
tem by  the  in\'isible  bonds  of  grav'itation.  But  its  attrac- 
tion slightly  influenced  the  motions  of  Uranus,  and  from 
these  slight  disturbances  its  existence  and  position  were 
inferred.  Notwithstanding  the  fact  that  both  Adams  and 
Leverrier  made  a.ssumptions  respecting  the  distance  of  the 
unknown  body  which  were  somewhat  in  ermr,  their  work 
sUmds  i\>y  a  monument  to  the  reasoning  powers  of  the  human 
mind,  and  to  the  perfection  of  the  theorj-  of  the  motions  nf 
the  heavenly  bodies. 

162.  The  Problem  of  Three  Bodies.  —  While  the  prob- 
lem of  two  mutually  attracting  bodies  presents  no  serious 
mathematical  troubles,  because  the  motion  is  always  in  some 
kind  of  a  conic  section,  that  of  three  bodies  is  one  of  the 
most  formidable  difficulty.  It  is  often  supposed  that  it  has 
not  lieen,  and  perhaps  that  it  cannot  lie,  solved.  Such  an 
idea  is  incorrect,  as  will  now  be  explained. 

The  theory  of  the  perturbation.?  of  the  planets  is  really  a 
prf»blem  of  three,  or  rather  of  eight,  bodies,  and  has  been 
completely  solved  for  an  interval  of  time  not  too  great.  That 
is,  while  the  orbits  of  the  bodies  cannot  be  described  for  an 
indefinite  interval  of  time  because  they  are  not  doswi  curves 
but  wind  aljout  in  a  vcrj'  comiilicated  fashion,  neverthele.s3 
it  is  possible  to  compute  their  positions  with  any  desired 
degree  of  precision  for  any  time  not  too  remote.  There- 
fore, in  a  perfectly  real  and  just  sense  the  problem  has  been 
solved. 

There  are  particular  solutions  of  the  problem  of  three 
bcxiies  in  which  the  motion  can  be  described  for  any  period 
of  time,  however  long.  The  first  of  these  were  discovered 
by  Lagrange,  who  found  two  special  ca.ses.  In  one  of  them 
the  Ixxlies  move  so  as  to  remain  always  in  a  straight  hne, 
and  in  the  other  so  as  to  be  always  at  the  vertices  of  an  equi- 
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lateral  triangle.  In  both  cases  the  orbits  are  conic  sections. 
In  1878  an  American  astronomer,  Hill,  in  connection  with 
his  work  on  the  motion  of  the  moon,  di.scovered  .some  less 
simple  but  immensely  more  important  special  axses.  Since 
1890  Poincar^,  universally  regarded  as  the  greatest  mathe- 
matician of  recent  times,  has  prove<!  the  existence  of  an 
infinite  number  of  these  special  ca.ses  calle<l  periodic  .solutions. 
In  all  of  them  the  problem  is  exactly  solved.  Still  more 
recently  Sundman,  of  Helsingfors,  Finland,  hfis  in  an  im- 
portant mathemntical  sense  solved  the  general  ca.se.  How- 
ever, in  spite  of  all  the  results  that  have  been  achieved,  the 
problem  still  presents  to  the  mathematician  unsolved  ques- 
tions of  almost  infinite  variety. 

153.  The  Cause  of  the  Tides.  —  So  far  in  the  present 
discussion  only  the  eflfect  of  one  body  on  the  motion  of 
another,  taken  a-s  a  whole,  has  been  considered.  There 
remains  to  be  considered  the  distortion  of  one  body  by 
the  attraction  of  another.  These  deformations  give  rise  to 
the  tides. 

Before  proceeding  to  a  direct  discussion  of  the  tidal  prob- 
lem it  is  necessary  to  state  an  important  principle,  namel}', 
if  two  bodies  are  mibject  to  eqjial  parallel  accelerations,  their 
relative  positions  are  not  changed.  The  truth  of  this  propo- 
sition follows  from  the  laws  of  motion,  but  it  is  better  un- 
derstood from  an  illustration.  Suppose  two  bodies  of  the 
same  or  different  dimensions  are  dropped  from  the  top  of  a 
high  tower.  They  have  initially  a  certain  relation  to  each 
other  and  they  arc  subject  to  equal  parallel  accelerations, 
namely,  those  produced  by  the  earth's  attraction.  In  their 
descent  they  fall  fa,ster  and  faster;  but,  neglecting  the  effects 
of  the  resistance  of  the  air,  they  preserve  the  same  relations 
to  each  other. 

Let  E,  Fig.  93,  represent  the  earth,  and  0  and  0'  two 
points  on  its  surface,  Consider  the  tendency  of  the  moon 
M  to  displace  0  on  the  surface  of  the  earth.  The  moon  at- 
tracts the  center  of  the  earth  E  in  the  direction  EM.    Let 
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its  acceleration  be  represented  by  EP.  In  the  same  units 
OA  represents  the  acceleration  of  M  on  0  in  direction  and 
amount.  The  line  OA  is  greater  than  EP  because  the 
moon  is  nearer  to  0  than  it  is  to  E.  Now  resolve  OA  into 
two  components,  one  of  which,  OB,  shall  be  equal  and  par- 
allel to  EP.  The  other  component  is  OC.  Since  OB  and  EP 
are  equal  and  parallel,  it  follows  from  the  principle  stated 


Fiu.  93.  —  Reaolution  of  the  tide-raising  forces. 

at  the  beginning  of  this  article  that  they  do  not  change  the 
relative  positions  of  E  and  0.  Therefore  OC,  the  outstand- 
ing component,  represents  the  tide-raising  acceleration  both 
in  direction  and  amount. 

The  results  for  0'  are  analogous,  and  the  tide-raising 
force  O'C  is  directed  away  from  the  moon  because  O'A'  is 
shorter  than   EP.     Figure  94  shows   the  tide-raising  ac- 


Fio.  94.  —  The  tide-raiaing  forces. 


celerations  around  the  whole  circumference  of  the  earth. 
This  method  of  deriving  the  tide-raising  forces  is  the  ele- 
mentary geometrical   counterpart  of  the  rigorous  mathe- 
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matical  treatment,'  and  it  can  be  relied  on  to  give  correctly 
all  that  there  is  in  this  part  of  the  subject. 

A  more  detailed  discussion  than  can  be  entered  into  here 
shows  that  the  tide-raising  forces  are  about  5  per  cent 
greater  on  the  side  of  the  earth  which  is  toward  the  moon 
than  on  the  side  away  from  the  moon.  The  forces  outward 
from  the  surface  of  the  earth  in  the  line  of  the  moon  are 
about  twice  as  great  as  those  which  are  directed  inward  90° 
from  this  line.  The  tidal  forces  due  to  the  sun  ai'e  a  little 
less  than  half  as  great  as  those  due  to  the  moon ;  no  other 
bodies  have  sen.sible  tidal  effects  on  the  earth. 

154.  The  Masses  of  Celestial  Bodies.  —  The  masses  of 
celestial  bodies  are  determined  from  their  attractions  for 
other  bodies.  Suppose  a  satellite  revolve.n  around  a  planet 
in  :in  orbit  of  measured  ilimensions  in  an  observed  [X'riod. 
From  these  data  it  is  possible  to  compute  the  acceleration  of 
the  planet  for  the  satellite  because  the  attraction  balances 
the  centrifugal  acceleration.  It  is  possible  to  determine 
what  the  earth's  attraction  would  be  at  the  same  distance, 
and,  ef)nHefiuently,  the  relation  of  its  ma.ss  to  that  of  the 
other  ]>l«net.  There  has  been  iiuich  difficulty  in  6nding 
the  masses  of  Mercury  and  Venus  because  they  have  no 
known  satellites.  Their  masses  have  l)een  determined  with 
considerai)Ie  reliability  from  their  perturbations  of  each 
other  and  of  the  earth,  and  from  their  perturbations  of  cer- 
tain comets  that  have  passed  near  them. 

A  useful  fornuda  for  the  sum  of  the  masses  of  any  two 
bodies  tmi  anil  nit  which  attract  each  other  according  to  the 
law  of  gravitation,  for  example,  the  two  components  of  a 
double  star,  is 

mi  +  ni-i  =  — , 
where  a  is  the  distance  between  the  bodies  expressed  in 

'  \s>  analytical  di-icussioii  provi's  tlint  the  ttde-raisiiiK  force  is  propor- 
tional to  the  product  of  thi'  iiiiiks  of  the  diKturbiiig  tiody  and  the  radius  of 
the  di«t»irbed  hody,  and  inversely  iirotwrtioiial  to  the  cube  of  the  distance 
between  the  dijsturbiug  and  diHtmbed  bodies. 
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temis  of  the  earth's  distance  from  the  sun  as  unity,  and 
where  P  is  the  period  expressed  in  years.  The  sum  of  the 
mas.ses  is  expressed  in  terms  of  the  sun's  ma.ss  as  unity. 

166.  The  Surface  Gravity  of  Celestial  Bodies.  —  The 
surface  gravity  of  a  celestial  body  is  an  important  factor  in 
the  determination  nf  its  surface  conditions,  and  is  funda- 
mental in  tlie  question  of  its  ri'taining  an  atmo.sphere.  The 
surface  gravity  of  a  spherical  body  depends  only  upon  its 
mass  and  dimensions. 

Let  m  represent  the  mass  of  the  earth,  g  its  surface  gravity, 
and  r  its  radius.    Then  by  the  law  of  gravitation 

where  Ar*  is  a  constant  de|jentling  on  the  units  employed. 
Let  M ,  fl,  and  R  represent  in  the  same  units  the  correspond- 
ing quantities  for  another  body.     Then  , 

^      ^  R' 
On  dividing  the  second  equation  by  the  first,  it  is  found  that 

g  m  [rJ  ' 
from  which  the  surface  gravity  (/  can  be  found  in  terms  of 
that  of  the  earth  when  the  mass  and  ratlius  of  M  are  given. 
It  is  sometimes  convenient  (o  have  the  expression  for  the 
ratio  of  the  gravities  of  two  bodies  in  terin.s  of  tlieir  densities 
and  dimensions.  Let  d  ami  D  represent  the  densities  of 
the  earth  and  the  other  body  respectively.  Then,  since 
m  =  i  irdr*  and  M  =  ^  ttDR^,  it  is  found  that 

g  d  T 
That  is,  the  surface  gravities  of  celestial  bodies  are  pro- 
portional to  the  products  of  their  densities  and  radii.  A 
small  density  nuiy  be  more  than  counterbalanced  by  a  large 
ra<lius,  as,  for  exani|)U',  in  tlie  case  of  the  sun,  whose  density 
is  only  one  fourth  that  of  the  earth  but  whose  surface  gravity 
is  about  27.6  times  that  of  the  earth. 
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XI.  QUESTIONS 

1.  If  the  sidereal  period  of  a  planet  were  half  that  of  the  earth, 
what  would  be  its  period  from  Kreatosl  eastern  eloagation  to  its  next 
succeeding  greatest  eastern  titoiigation  ? 

2.  If  thi-  sidfreal  period  of  a  ]>lanet  were  twice  that  of  the  earth, 
what  would  !«  i(a  period  from  opposition  to  its  next  succeeding 
opposition  7 

3.  What  would  be  the  period  of  a  planet  if  its  mean  distance  from 
the  sun  were  twice  that  of  the  earth  '! 

4.  VNTittt  would  U?  the  nuian  di8tanc«  of  a  planet  if  its  period  were 
twice  that  of  the  earlh  ? 

5.  The  (notion  of  the  moon  around  the  earth  satisfies  (nearly) 
Kepler's  flrsl  two  laws.  What  axv  the  respective  conclusions  which 
follow  from  them  7 

6.  The  force  of  gravitation  varies  directly  as  the  product  of  the 
masses.  Show  that  the  acceleration  of  one  body  with  respect  to 
another,  both  being  free  to  move,  is  proportional  to  the  sura  of 
their  masses.     Hint.    Use  txith  the  second  and  third  laws  of  motion. 

7.  In  LBgrangi>'8  two  special  solutions  of  the  problem  of  three 
bodies  the  law  of  areas  is  satisfied  for  each  body  separately  with 
respect  to  the  center  of  grrB\nty  of  the  three.  What  conclusion 
follows  from  this  fact?  How  does  the  forc<!  toward  the  center  of 
gravity  vary  ? 

11.     The  Orbits,  Dimensions,  and  Masses  of  the 

Pl^ANKTS 

166.  Finding  the  actual  Scale  of  the  Solar  System.  —  It 
was  seen  in  Art.  144  that  the  relative  dimensions  of  the 
solar  system  can  he  detertiiined  without  knowing  any  actual 
distance.  It  follows  from  this  tliat  if  the  distance  between 
any  two  bodies  can  be  found,  all  the  other  distances  can  be 
computed. 

The  problem  of  finding  the  actual  scale  of  the  solar  system 
is  of  great  importance,  because  the  determination  of  the 
dimensions  of  all  its  membei's  depends  upon  it«  solution, 
and  the  distance  from  the  earth  to  the  sun  is  involved  in 
[measuring  the  distances  to  the  stare.  Not  until  after  the 
year  170O  had  it  been  solved  with  any  considerable  degree , 
of  approximation,  but  the  distance  from  the  earth  to  the  suQ j 
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is  now  known  with  an  error  probably  not  exceeding  one 
part  in  a  thousand. 

The  direct  method  of  nirasuriniB;  the  distance  to  the  sun, 
analogous  to  that  used  in  caMo  of  thf  moon  (Art.  123),  is  of 
no  value  becausp  tlie  apparent  <li!>placement  to  be  measured 
is  very  small,  the  sun  is  a  txxly  with  no  pormaiient  surface 
markings,  and  its  heat  seriou.sly  disturissjhe  instruments. 
But,  as  has  been  seen  (Art.  144),  the  distance  from  the  earth 
to  anj'  other  member  of  the  system  is  equally  useful,  and  in 
some  case.s  the  measurement  of  the  distances  to  the  other 
bodies  is  feasible. 

Gill,  at  the  Capo  of  Good  Hope,  measured  the  distance 
of  Mars  with  considerable  success,  but  its  di.sk  and  red 
color  introduced  difficulties.  These  difficulties  do  not  arise 
in  the  case  of  the  stuiiller  plauetfiids,  whir'h  appear  as  .star- 
ike  points  of  light,  hut  their  great  tiistances  decrease  the 
uracy  of  the  results  by  reducing  the  magnitude  of  the 
quantity  to  be  measured.  However,  in  18[)8,  Witt,  of  Ber- 
Un,  discovered  a  planeloid  whose  orbit  lies  largely  within  the 
orbit  of  Mars  and  which  approaches  closer  to  the  earth  than 
any  other  celestial  bofly  save  the  moon.  Its  nearness,  its 
minuteness,  and  its  absence  of  marked  color  all  unite  to 
make  it  the  most  advantageous  known  body  for  getting  the 
scale  of  the  solar  .system  by  the  direct  methofl.  Hinks,  of 
Cambridge,  England,  ma<le  mea.surenients  and  reductions  of 
photographs  secured  at  many  observatories,  and  found  that 
the  parallax  of  the  sun,  or  the  angle  s)d)tended  by  the  earth's 
radius  at  the  mean  distance  of  the  .sun,  is  8". 8,  corresponding 
to  a  distance  of  92,897,000  miles  from  the  earth  to  the  sun. 

The  distance  of  the  earth  from  the  sim  can  also  he  found 
from  the  aberration  of  light.  The  amount  of  the  aberration 
depends  upon  the  velocity  of  light  and  the  speed  with  which 
the  observer  moves  across  the  line  of  its  rays.  The  velocity 
of  light  has  been  fftund  with  great  accuracy  from  experiments 
on  the  surface  of  the  earth.  The  amount  of  the  aberration 
has  been  determined  by  observations  of  the  stars.     From 
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the  two  sets  of  data  the  velocity  of  the  observer  can  be 
cotnputpd.  Sincp  the  Icnjith  of  the  year  is  known,  the  lenpth 
of  the  earth's  orbit  ran  be  olitained.  Tlien  it  is  an  easy  matter, 
making  use  of  the  shape  of  the  orbit,  to  compute  the  mean 
distance  from  the  earth  to  the  sun.  The  resuHs  obtained  in 
this  way  agree  with  those  furnished  l)y  the  direct  method. 

Another  and  closely  related  method  depends  upon  the 
detcrinination  of  the  earth's  motion  in  the  line  of  siglit 
(Art.  22(i)  by  means  of  khv  spectroscope.  Spectroscoi)ic 
technique  has  been  so  highly  perfected  that  when  stars  best 
siiited  for  the  purpose  are  u.sed  the  results  obtained  give  the 
earth's  speed  with  a  high  degree  of  accuracy.  Its  velocity 
and  period  furnish  the  distance  to  the  sun,  as  in  the  method 
depending  upon  the  aberration,  and  (he  results  are  about  aa 
accurate  as  those  furnished  by  any  other  method. 

There  are  several  other  method.s  for  finding  the  distance 
to  the  sun  which  have  been  employed  with  more  or  le.ss  suc- 
cess. One  of  them  depeniis  upon  transits  of  Venus  across 
the  sun's  disk.  Another  involves  the  attraction  of  the  sun 
for  the  moon.  But  none  of  them  is  so  accurate  as  those 
which  have  been  described. 

157.  The  Elements  of  the  Orbits  of  the  Planets.  —  The 
position  of  a  planet  at  any  time  flepends  upon  tlxe  size,  shape, 
and  position  of  it.s  orbit,  together  with  the  time  when  it  was 
at  some  particular  position,  as  the  perihelion  point.  These 
quantities  are  calletl  the  eletnentu  of  an  orbit,  and  when  they 
are  given  it  is  possible  to  compute  the  position  of  the  planet 
at  any  time. 

The  size  of  an  orbit  is  (ietermined  by  the  length  of  its  major 
axis.  It  is  an  interesting  ami  ituportant  fact  that  the  period 
of  revolution  of  a  planet  depends  only  upon  the  major  axis 
of  its  orbit,  and  not  upon  its  eccentricity  or  any  other  ele- 
ment. The  shape  of  an  orbit  is  defined  by  its  eccentricity. 
The  position  of  a  phinet's  orbit  is  determined  by  its  orienta- 
tion in  its  plane  and  the  relation  of  its  plane  to  some  standard 
plane  of  reference.    The  longitude  of  the  perihelion  point 
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defines  the  orientation  of  an  orbit  in  its  plane.  The  plane 
of  reference  in  common  use  is  the  plane  of  the  ecliptic.  The 
position  of  the  plane  of  the  orbit  is  dpfiiicti  by  thf  location 
of  the  hne  of  its  intersection  with  the  plane  of  the  ecliptic 
and  the  angle  between  the  two  planes.  The  distance  from 
the  vernal  equinox  ea.'^tward  to  the  point  where  the  orbit  of 
the  body  crosses  the  ecliptic 
from  south  to  north  is  called 
the  longitude  of  the  ascend- 
ing node,  an<i  the  angle  be- 
tween the  plane  of  the  eclip- 
tic and  the  plane  of  the  orbit 
is  called  the  inclination. 

In  Fig.  95,  VNQ  represents 
the  plane  of  the  eclijitir  and 
S\F  the  plane  of  the  orlMt. 
The  vernal  equinox  is  at  V, 
the  angle  VSN  is  the  hmgi- 
turlc  of  the  ascending  node, 
the  angle  V'SA^  +  NSP  is 
the  longitude  of  the  perihelion,  and  the  angle  QNP  is  the 
iucUnation  of  the  orbit. 

The  elements  of  the  orbits  of  the  planets,  which  change 
very  slowly,  are  given  for  January  1,  191(3,  in  Table  I\'. 

Table  IV 


Fiu.  95." 


-  Elenieuts  of  the  orbit  of 
a  planet. 


Plawkt 

Di»- 

TANCB. 

Mil- 
lions OP 
Milks 

Pebiod 

I.V 

Yeaiu 

EPCIIM- 
TKICITT 

Ikcu- 

SATION 
TO 

Eclip- 
tic 

LoMai-       ^xo'- 

LONOI- 
TUDE  ON 

Ja».   I. 

IBIO 

Mercury 

30.0 

0.241 

0.20562    7"    0' 

47°  20'    76'    9' 

334'    2* 

Venus. 

67.2 

0.6  IS 

O.OOIiSI     3    24 

75    55    130    23 

345    50 

Eurlh 

02.9 

1  ,(NX> 

0.01*174    0    00 

101     30 

99    49 

Mam .     . 

141.fi 

I.SSl 

0.01(332    1     51 

48    55 

334     31 

116    25 

Jupiter   . 

4.S3.3 

ii.sn2 

0  04s.3r.    1     IS 

99  :») 

12    58 

3    61 

ii^ntuni 

S^.O 

29.45S 

0  0.5583  1  2     30 

112    55 

91     24 

102    20 

t'ranua    . 

1781.9 

H4.015 

0  04709    0     40 

73    34 

160     18 

312      9 

Neptune 

27S1.0 

164.788 

0.00864  1  1     47 

130    51 

43    54 

120     12 
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To  the  elements  of  the  orbits  of  (lie  planets  must  be 
added  the  direction  of  their  mot  ion  in  order  to  be  altogether 
complete.     The  result  is  very  simple,  for  they  all  revolve  in 

^the  same  direction,  namely,  eastward. 

The  most  interesting  and  important  element  of  the  plane- 
tary orbits  is  the  mean  distance.  The  distance  of  Neptune 
from  the  sun  is  30  times  that  of  the  earth  and  nearly  80 
times  that  of  Mercury.  Sin<'e  the  amount  of  light  and 
heat  received  per  unit  area  hy  a  planet  varies  inversely  as 
the  square  of  its  distance  from  the  sun,  it  ftdtows  that  if  the 
units  are  chosen  so  that  the  amount  received  by  the  earth 
is  unity,  then  the  respective  amounts  received  hy  the  several 
planets  are:  Mercury,  6.6B ;  Veims,  1.91;  Earth,  1.00; 
Mars,  0.43  ;  Jupiter,  6.037  ;  Saturn,  0.01 1  ;  Uranus,  0.0027 ; 
Neptune,  O.OUll.  It  is  seen  that  the  earth  receives  more 
than  900  times  as  much  light  and  heat  per  unit  area  as  Nep- 
tune, and  that  in  the  case  of  Mercury  and  Neptune  the 

'  ratio  is  more  than  6000.  Obviously,  other  things  being 
equal,  the  climatic  conditions  on  {)lanets  dttTering  so  greatly 
in  distance  from  the  sun  would  be  enormous. 

As  seen  from  Neptune  t!ie  sun  presents  a  smaller  disk 
than  Venus  does  to  us  when  nearest  to  the  earth.  It  is 
sometimes  supposed  that  Neptune  is  far  away  in  the  night 
of  space  where  the  sun  looks  sim[)ly  like  a  bright  star.  This 
is  far  from  the  truth,  for,  since  (he  sunliglit  received  by  the 
earth  is  600,000  times  full  moonlight,  and  Neptune  gets 
y^  as  much  light  as  the  earth,  it  follows  that  the  illu- 
mination of  Neptune  by  the  sun  is  nearly  700  times  that  of  the 
earth  by  the-  liriglite.st  full  moon.  Another  erroneous  idea 
frequently  held  is  that  Neptune  is  so  faraway  from  the  sun 
that  it  gets  a  considerable  fraction  of  it„s  light  from  other 
suns.  The  nearest  known  star  is  more  than  ilOOO  times  as 
distant  from  Neptune  as  Neptune  is  from  (he  sun,  and,  con- 
sequently, Neptmie  receives  more  than  80,000,000  times  as 
much  light  and  heat  as  it  would  if  the  sun  were  at  the  dis- 
tance of  the  nearest  star. 
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It  is  almost  impossible  to  get  a  correct  mental  picture  of 
the  enormous  dimensions  of  the  solar  system,  and  there  are 
often  misconceptions  in  regard  to  the  relative  dinicnsions  of 
the  orbits  of  the  various  planets.  To  assist  in  grasping  these 
distances,  suppose  one  has  traveled  sufficiently  to  have 
obtained  some  comprehension  of  the  great  size  of  the  earth. 
Then  he  is  in  a  position  to  attempt  to  appreciate  the  distance 
to  the  moon,  which  is  so  far  that  in  spite  of  the  fact  it  is  more 
than  2000  miles  in  diameter,  it  is  ajiparently  covered  by  a 
one-cent  piece  held  at  the  distance  of  (j.,t  feet.  In  terms 
of  the  earth's  dimensions,  its  distance  is  about  10  times  the 
circumference  of  the  earth.  It  is  so  remote  that  about  14 
days  would  be  required  for  sound  to  come  from  it  to  the 
earth  if  there  were  an  atmosphere  the  whole  distance  to  trans- 
mit it  at  the  rate  of  a  mile  in  5  .seconds. 

Now  consider  the  distance  to  the  sun  ;  if  is  400  times  that 
to  the  moon.  If  the  earth  and  sun  were  put  4  inches  apart 
in  such  a  diagram  a,s  could  be  printed  in  this  book,  on  the 
e  scale  the  distance  from  the  earth  to  the  moon  would  be 
T^  of  an  inch.  If  sound  could  come  from  the  sun  to  the 
earth  with  the  speed  at  which  it  travels  in  air,  I.t  years  would 
be  re(}uired  for  it  to  cro.s.^  the  92,900,000  of  miles  between 
the  earth  and  sun.  Some  one,  having  found  out  at  what 
rate  sensations  travel  alrmg  the  nerve  fibers  from  the  hand 
to  the  brain,  proved  by  calculation  that  if  a  small  boy  with 
a  sufficiently  long  arm  should  reach  nut  to  the  sun  and  bum 
his  hand  off.  the  sensation  would  not  arrive  at  his  brain  so 
that  he  would  be  aware  of  his  loss  unless  he  lived  to  be  more 
than  100  years  of  age. 

The  relative  dimensions  of  the  orbits  of  the  planets  can  be 
best  understood  from  diagrams.  Unfortunately,  it  is  not 
possible  to  represent  them  to  scale  all  on  the  same  diagram. 
Figure  96  shows  the  orbits  nf  the  first  four  planets,  together 
with  that  of  Eros,  which  occupies  a  unique  position,  and  which 
has  been  used  in  getting  the  scale  of  the  system.  Figure  97 
shows  the  orbits  of  the  planets  from  Mars  to  Neptune  on  a 
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scale  which  is  about  ^  that  of  the  preceding  figure.    The 
most  noteworthy  fact  is  the  relative  nearness  of  the  four 


ORBiT  OFMAR.n 


Fig.  00.  —  Orbits  of  the  four  inner  planets. 


inner  planets  and  the  enormous  distances  that  separate  the 
outer  ones. 

168.  The  Dimensions,  Masses,  and  Rotation  Periods  of 
the  Planets.  —  The  planets  Mercury  and  Venus  have  no 
known  satellites  and  their  masses  are  subject  to  some  un- 
certainties. The  rotation  periods  of  Mercury  and  Venus 
are  very  much  in  doubt  because  of  their  unfavorable  po- 
sitions for  observation,  while  the  distances  of  Uranus  and 
Neptune  are  so  great  that  so  far  it  has  been  impossible  to 
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see  clearly  any  markings  on  their  surfaces.     There  is  some 
uncertainty  in  the  diameters  of  the  planets  on  account  of 


^^eVJ^OFNEPru^ 


Flo.  97.  —  Orljit  of  the  outer  plsneta. 


what  is  called  irradiation,  which  makes  a  luminous  object 
appear  larger  than  it  actually  is. 

The  data  given  in  Table  V  are  bsised  partly  on  Barnard's 
many  measures  at  the  Lick  Ob.torvatory,  and  partly  on 
those  adopted  for  the  /Vmerican  Ephemeris  and  Nautical 
Almanac. 
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Table  V 


Boot 

Mean     '       NfAiw 

Den«itt 

StmrACB 

Oiuvmf 

to-J) 

Pkrioo  or 

Imcuxa- 
TIOK  or 

DlAHITER 

(Ei«TH  -  1) 

(Wat»-1} 

ROTATIOM 

Eqt'ATOR 

TO  Orbit 

Sun  .     . 

884,392 

329,390 

1.40 

27.64 

25  d.  8  h. 

7°  15' 

Mooa 

2,160 

0.0122 

3.34 

0.16 

27  d.  7.7  h. 

6-41' 

Mercury 

3.0(151 

0.04r)(?) 

4.48(?) 

a31(?) 

? 

? 

Venus    . 

7.701 

0.807  (?) 

4.8.i(  7) 

0.85 

? 

? 

Earth    . 

7,918 

1.0000 

6.53 

1.00 

23  h.  .50  m. 

23"  27' 

Mare     . 

4,330 

0.1  (Xw 

3.  .OS 

0.36 

24  h.  37  m. 

23°  59' 

Jupiter . 

88.392 

314.50 

1.25 

2.52 

9  h.  55  m. 

3° 

Saturn  . 

74,103 

94.07 

0.6;} 

1.07 

10  h.  14  m. 

27° 

Uranus  . 

30,193 

14.40 

1.44 

0.99 

7 

7 

Neptune 

34,823 

16.72 

1.09 

0.80 

? 

7 

Some  interesting  facts  are  revealed  by  tliis  table.  The 
fir-st  four  pianpts  are  very  small  compared  to  the  outer  four, 
and  since  their  volumes  arc  as  the  cubes  of  their  diameters, 


Fia.  98.  —  RelBtive  dimensiona  of  sun  and  plaoeta. 

the  latter  average  more  than  a  thousand  times  greater  In 
volume  than  the  former.     The  inner  planets  are  much  denser 
than  the  outer  ones  and,  so  far  a.s  known,  rotate  on  their 
axes  more  slowly. 
Figure  98  shows  an  are  of  the  sun's  circumference  and  the 
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eight  planets  to  the  same  scale.  It  is  apparent  from  this 
diagram  how  insignificant  the  earth  is  in  comparison  with 
the  larger  planets,  and  how  small  they  are  all  together  in 
comparison  with  the  sun. 

169.  The  Times  for  Observing  the  Planets.  —  Mercury 
and  Venus  are  most  conveniently  situated  for  observation 
when  they  are  near  their  grt^atcst  elongations,  for  then  they 
are  not  dimmed  by  the  more  brilliant  rays  of  the  sun.  When 
they  arc  east  of  the  sun  they  can  he  seen  in  the  evening,  and 
when  they  are  west  of  the  sun  they  are  observable  only  in 
the  morning.  Ordinarily  the  evening  is  more  convenient 
for  making  observation.'}  than  the  tnorning,  and  therefore 
the  results  will  be  given  ()tily  for  this  tiine. 

Those  planets  wh  ch  are  farther  from  the  sun  than  the 
earth  can  be  observed  best  when  they  are  in  opposition,  or 
180°  from  the  sun,  for  then  they  are  nearest  the  earth  and 
their  illuminated  sides  are  toward  the  earth.  When  a  planet 
is  in  opposition  it  crosses  the  meridian  at  midnight,  and  it 
can  be  observed  late  in  the  evening  in  the  eastern  or  south- 
eastern sky. 

The  problem  arises  of  determining  at  what  times  Mer- 
cury and  Venus  are  ut  greatest  eiustern  elongation,  and  at 
what  times  the  other  planets  are  in  opposition.  If  the  time 
at  which  a  planet  ha.s  its  greatest  ca.stern  elongation  is  once 
given,  the  dates  of  all  .succeeding  eastern  elongations  can 
be  obtained  by  adding  to  the  original  one  multiples  of  its 
synodical  period.  If  S  repn^sent-^  the  syno<!ical  i^'riod  of  an 
inferior  planet,  P  its  sidereal  p.->riod,  and  E  the  earth's  jxTiod, 
the  synodical  period  is  given  by  (Arts.  120,  144) 

1  =  1-1- 
S     P     E' 

and  in  the  case  of  a  superior  planet  the  corresponding  formula 

for  the  sjTiodical  period  is 

1  =  1-1 
SEP 

On  the  basis  of  the  sidereal  periods  given  in  Table  IV,  these 
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formulas,  and  data  from  the  American  Epheraeris  and  Nau- 
tical Almanac,  the  following  table  has  been  constructed : ' 


Table  VI 


PidmiT 

E*«t»:b»  EbOMox- 
noH  OB  OPFOsinoK 

Btnodical  PaaiOD 

Mercury  .     . 

Sept.    9.  1916 

Oyr. 

3  mo.  24.2  d.=  0.31726  yr. 

Venus  .     .     . 

April  23.  1916 

lyr. 

7  mo     5.7d.  =  1.39882  yr. 

Mars    .     .     . 

Feb.     9,  1916 

2yr. 

1  mo.  18.7(1.  =  2.13523  yr. 

Jupiter     .     . 

Got.   23.  1916  '  1  yr. 

1  mo.    3.1  d.  =  1.09206  yr. 

Saturn      .     . 

Jan.      4,  1916  ,  1  yr. 

Onio.  12.t>d.  =  1.03514  yr. 

Uranus     .     . 

Aug.   10,  1916     1  yr. 

0  mo.    4.3  d.  =  1.01 2a5yr. 

Neptune  .     . 

Jan.   22,  1916     1  yr. 

Omo.    2.2d.=  1.00611  yr. 

The  superior  planets  are  most  brilliant  when  they  are 
in  oppo.sition ;  the  inferior  planets  are  brightest  some  time 
after  their  Rreatest  eastern  elongiition  because  they  are 
then  relatively  approaching  the  earth  and  tiieir  decrease  in 
distance  more  than  offsets  their  diminishing  phase.  For 
example,  in  1916  Venus  was  at  its  greatest  easteni  elongation 
April  23,  but  kept  getting  brighter  until  May  27. 

Mercury  is  so  much  nearer  the  sun  than  the  earth  that 
its  greatest  elongation  averages  only  23°,  though  it  varies 
from  18°  to  28°  because  of  the  eccentricity  of  the  orbit  of 
the  planet.  Consequently,  it  can  be  observed  only  for  a 
very  short  time  after  the  sun  is  fur  enough  below  the  horizon 
for  the  brightest  stars  to  be  visible.  Mercury  at  itsbrightest 
is  somewhat  brighter  than  a  first-magnitude  star.  There  is 
no  difficulty  in  observing  any  of  the  other  planets  except 
Uranus  and  Neptune,  Uranus  being  near  the  limits  of  visi- 
bility without  optical  aid,  and  Neptune  being  quite  beyond 
them.  Venus  is  brilliantly  white  and  at  its  brightest  quite 
surpasses  every  other  celestial  object  except  the  sun  and 
moon.    Mars  is  of  the  Grst  magnitude  and  decidedly  red. 


*  In  this  table  the  tropical  year  is  used  and  30  days  are  taken  i 
ing  a  month. 
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Jupiter  ie  whit^  and  nexi  to  Venus  in  brilliance.     Saturn  is 
of  the  first  iiiaRnitude  and  slightly  yellowish. 

160.  The  Planetoids.  —  On  examination  it  is  found  that 
the  distance  of  each  planet  from  the  sun  is  roughly  twice 
that  of  the  preceding,  with  the  exception  of  Jupiter,  whose 
distance  is  about  3.5  times  that  of  Mars.  In  1772  Titius 
derived  a  series  of  numbers  by  a  simple  law  which  gave  the 
distances  of  the  planets  (Uranu.s  ami  Neptune  were  not 
known  then)  with  considerable  accuracy,  except  that  there 
was  a  number  for  the  vacant  space  between  Mars  and 
Jupiter.  The  law  is  that  if  4  is  added  to  each  of  the  num- 
bers 0,  3,  6,  12,  24,  48,  the  .sums  thiis  obtained  are  nearly 
proportional  to  the  distances  of  the  planets  from  the  sun. 
This  law,  conunonly  called  Bode's  law,  because  the  writings 
of  Bode  made  it  widely  known,  rest.s  on  no  .scientific  ba.«ii8 
an<l  entirely  breaks  down  for  Neptune,  but  it  played  an 
important  role  in  two  discoveries.  One  of  these  was  that 
h>oth  Adams  and  Leverrier  assigned  distances  to  the  planet 
Neptune  on  the  basis  of  this  law,  anfl  computed  the  other 
elements  of  its  orbit  from  its  perturbations  of  Uranus  {Art. 
151).  The  other  discovery  to  which  Bode's  law  contributed 
was  that  of  the  planetoids. 

Toward  the  end  of  the  eighteenth  century  the  idea  became 
widespread  among  astronomei-s  that  there  was  probably  an 
undiscovered  planet  between  Mars  and  Jupiter  whose  dis- 
tance would  agree  with  the  fifth  number  of  the  Bode  series. 
In  1800  a  number  of  Clerman  astronomers  laid  plans  to  search 
for  it,  but  before  their  work  was  actually  begun  Piazzi,  at 
Palermo,  on  January  1,  1801,  the  first  day  of  the  nineteenth 
centurj',  made  the  discovery  when  he  noticed  an  object  (appar- 
ently a  star)  where  none  had  previously  been  seen.  Piazzi , 
caUe<l  the  new  planet,  which  was  of  small  dimensions,  Ceres. 

After  the  discovery  of  Ceres  had  been  made,  but  before 
the  news  of  it  had  reached  Germany  by  the  slow  processes 
of  communication  of  those  days,  the  philosopher  Hegel 
published  a  paper  in  which  he  claimed  to  have  proved  by 
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the  most  certain  and  conclusive  philosophical  reasoning  that 
there  were  no  new  planets,  and  he  ridiculed  his  astronomical 
colleairues  for  their  folly  in  searching  for  them. 

Piazzi  observed  Ceres  for  a  short  time  and  then  he  was 
taken  ill.  By  the  time  he  had  recovered,  the  earth  had 
moved  forward  in  its  orbit  to  a  position  from  which  the 
planetoid  could  no  longer  be  seen.  In  a  little  le.ss  than  a 
year  the  earth  was  again  in  a  favorable  position  for  obser- 
vations of  Ceres,  but  the  problem  of  picking  it  up  out  of  the 
countless  stars  that  fill  the  sky,  and  from  which  it  could  not 
be  distinguished  except  by  its  motions,  was  almost  as  difficult 
as  that  of  making  the  original  discovery.  The  difficulty 
was  entirely  overcome  by  Gauss,  then  a  young  man  of  24, 
but  later  one  of  the  greatest  mathematicians  of  his  time,  for, 
under  the  stimulus  of  this  special  problem,  he  devised  a 
practical  method  of  determining  the  elements  of  the  orbit 
of  a  planet  from  only  three  observations.  After  the  ele- 
ments of  the  orbit  of  a  body  are  known,  its  position  can  be 
computed  at  any  time.  Gauss  determined  the  elements  of 
the  orbit  of  Ceres,  and  his  calculation  of  its  position  led  to  its 
rediscovery  on  the  last  day  of  the  year. 

On  March  28,  1802,  Olbers  discovered  a  second  planetoid, 
which  he  named  Pallas;  on  September  2,  1804,  Harding 
found  Juno ;  and  on  March  29,  1807,  Olbers  picked  up  a 
fourth,  Vesta.  No  other  was  found  until  1845,  when  Hencke 
discovered  Astrsea,  after  a  long  .search  of  15  years.  In  1847 
three  more  were  discovered,  anfl  every  year  since  that  time 
at  least  one  has  been  discovered. 

In  1891  a  new  epoch  was  started  by  Wolf,  of  Heidelberg, 
who  discovered  a  planetoid  by  photography.  The  method 
is  simply  to  expose  a  plate  two  or  three  hours  with  the 
telescope  following  the  stars.  The  star  images  are  points, 
but  the  planetoids  leave  short  trails,  or  streaks.  Fig.  99, 
becau.se  they  are  moving  among  the  stars.  There  are  now 
all  together  more  than  800  known  planetoids. 

After  the  first  two  planetoids  had  been  discovered  it  was 
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supposed  that  they  might  be  simply  the  fraginenta  of  an 
original  large  planet  which  had  bwn  torn  to  pieces  by  an 
explosion.  If  such  were  the  case,  the  different  parts  in  their 
orbits  around  the  sun  would  all  pass  through  the  position 
occupied  by  the  planet  at  the  time  of  the  explosion ;  there- 
fore, for  some  time  the  search  for  new  planetoids  was  largely 
confined  to  the  reKions  about  the  points  where  the  orbits 
of  Cores   and    Palta?!   interpoct.     But  this   theory  of  their 


Fio.  yy.  —  Photf>Kruph  of  sturs  showing  ji  planetoiii  lERcria)  trail  in  the 
center  of  the  plate.    Pholographrd  bu  Parkhunst  nt  the  Ycrkr-M  Ob-iirTaiory. 

origin  has  been  completely  abandoned.  Tlie  orbits  of  Eros 
and  two  other  planetoids  are  interior  to  the  orbit  of  Mars, 
while  many  are  within  75,000,000  mile.s  of  this  planet ;  on 
the  other  hand,  many  others  are  nearly  3W1,()0(.),000  miles 
farther  out,  and  the  aphelia  of  four  are  even  beyond  the  orbit 
of  Jupiter.  Their  orbits  vary  in  shape  from  almost  perfect 
circles  to  elongated  ellipses  whose  eccentricities  arc  0.35  to 
0.40.  The  average  eccentricity  of  their  orbits  is  about  0.14, 
or  approximately  twice  that  of  the  orbits  of  the  planets. 
Their  inchnations  to  the  ecliptic  range  all  the  way  from  zero 
to  35°,  with  an  average  of  about  9°. 
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The  orbits  of  the  planetoids  are  distributed  by  no  means 
unifonnly  over  the  belt  which  they  occupy.  ICirkwood  long 
af^o  called  at-tenfioii  to  the  fact  that  the  planetoids  are  infre- 
quent, or  entirely  lacking,  at  the  distances  at  which  their 
periods  would  be  5,  j,  f,  .  ■  .  of  Jupiter's  period.  The 
numerous  discoveries  since  the  application  of  photography 
have  still  further  eniphiuiized  t!ie  existence  of  these  remark- 
able gaps.  It  is  supposed  that  the  perturbations  by  Jupiter 
durinp;  indefinite  ages  have  cleared  these  regions  of  the 
bodies  that  may  once  have  been  circulating  in  them,  but  the 
question  has  not  received  rigorous  mathematical  treatment. 

The  diameters  of  Ceres,  Pallas,  Vesta,  and  Juno  were 
measured  by  Barnard  with  the  36-inch  telescope  of  the  Lick 
Observatory,  and  he  found  that  they  are  respectively  485, 
304,  243,  and  1 18  miles.  There  are  piobably  a  few  more 
whose  diameters  exceed  100  miles,  but  the  great  majority 
are  undoubtedly  much  smaller.  Probably  the  diameters  of 
the  faintest  of  those  which  have  been  photographed  do  not 
exceed  5  miles. 

By  1898  the  known  planetoids  were  so  numerous  and  their 
orbits  caused  so  much  trouble,  because  of  their  large  per- 
turbations by  Jupiter,  that  astronomers  were  on  the  point 
of  neglecting  them,  when  Witt,  of  Berlin,  found  one  within 
the  orbit  of  Mars,  which  he  named  Eros.  \t  once  great 
interest  was  arouseil.  On  examining  photographs  which 
had  been  taken  at  the  Harvard  College  Observatory  in 
1893,  1894,  and  1896,  the  image  of  Eros  was  found  several 
times,  ami  from  these  positions  a  very  accurate  orbit  was 
computed  by  Chandler.  The  mean  distance  of  Eros  from 
the  sun  is  13.5, .500,000  miles,  but  its  distance  varies  consid- 
erably because  its  orbit  has  the  high  eccentricity  of  0.22; 
its  inclination  to  the  ecliptic  is  about  11°.  At  its  nearest, 
Eros  is  about  13,500,000  nules  from  the  earth,  and  then  con- 
ditions are  particulai'Iy  favoral>lc  for  getting  the  scale  of  the 
solar  system  (Art.  156) ;  and  at  its  aphelion  it  is  24,000,000 
miles  beyond  the  orbit  of  Mars  (Fig.  96). 
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Not  only  is  Eros  renmrkahk'  because  of  the  position  of 
its  orbit,  but  in  February  anti  Mareh  of  1901  it  varied  in 
brightness  both  extensively  and  rapicily.  Tiie  period  was 
2  hr.  38  min.,  and  at  minitniun  its  light  was  less  than  one 
third  that  at  niaxiinuni.  By  May  the  variability  ceased. 
Several  suggestions  were  made  for  explaining  this  remarkable 
phenomenon,  such  as  that  the  planetoid  is  very  different  in 
reflecting  power  on  different  parts,  or  that  it  is  really  com- 
posed of  two  bodies  very  near  together,  revolving  so  that  the 
plane  of  their  orbit  at  certain  times  passes  through  the 
earth,  but  the  cause  of  this  remarkable  variation  in  bright- 
ness is  as  yet  uncertain. 

161.  The  Question  of  Undiscovered  Planets.  —  The 
great  planets  Uranus  and  Neptune  have  been  discovered  in 
modern  time.'^,  and  the  question  arises  if  there  may  not  be 
others  at  present  unknown.  t)bviously  any  unknown  planets 
must  be  either  very  small,  or  very  near  the  sun,  or  beyond 
the  orbit  of  Neptune,  for  otherwise  they  alreadj*  would  have 
been  seen. 

The  perihelion  of  the  orbit  of  Mercury  moves  somewhat 
faster  than  it  would  if  thi.s  planet  were  arted  on  only  by 
known  forces.  One  explanation  offered  for  tliis  peculiarity 
of  its  motion  is  that  it  may  be  disturbed  by  the  attraction  of 
a  planet  whose  orliit  lies  between  it  and  the  sun.  A  planet 
in  this  position  would  be  observed  onlj-  with  difficulty  be- 
cause its  elongation  from  the  sun  would  always  be  small. 
Half  a  centur>'  ago  there  was  considerable  belief  in  the 
existence  of  an  intra-Mercurian  planet,  and  several  times 
it  was  supposed  one  had  been  observed.  But  photographs 
have  been  taken  of  the  region  around  the  sun  at  all  recent 
total  eclipses,  and  in  no  case  has  any  object  witliin  the  orbit 
of  Mercury  been  found.  It  is  rea.sonably  certain  that  there 
is  no  object  in  this  region  more  tlian  20  miles  in  diameter. 

The  question  of  tlie  existence  of  trans-Neptunian  planets 
is  even  more  interesting  and  much  more  difficult  to  answer. 
There  is  no  reason  to  suppose  that  Neptune  is  the  most  re- 
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mote  planet,  and  the  gravitative  control  of  the  sun  extends 
enormou.xiy  l)e.vontl  it.  There  are  two  lines  of  evidence, 
besides  direct  observations,  that  bear  on  the  question.  If 
there  is  a  planet  of  coasidcrable  mas-s  beyond  the  orbit  of 
Neptune,  it  will  in  time  make  its  presence  felt  by  its  pertur- 
bations of  Neptune.  Since  Neptune  waa  discoveretl  it  has 
made  less  than  half  a  revolution,  and  the  fact  that  its  observed 
motion  so  far  agrees  with  theory  is  in)t  (.'onclusive  evidence 
against  the  existence  of  a  planet  beyond.  In  fact,  there  are 
some  very  slight  residual  errors  in  the  theory  of  the  motion 
of  Uninus,  and  from  them  Todd  inferred  that  tiicre  is 
prohalily  a  planet  revolving  at  the  distance  of  alK)Ut  oU  as- 
tronomical units  in  a  period  of  alwut  350  years.  The  con- 
clu.sinn  is  uncertain,  though  it  may  be  correct.  A  nmch 
more  elaborate  investigation  has  been  matie  by  Lowell,  who  \*\^ 
finds  that  the  slight  discrepancies  in  the  motion  of  Uranus 
are  notably  reduced  by  the  assumption  of  the  existence  of 
a  planet  at  the  tlistance  of  44  astronomical  imits  (period  2{K) 
years)  whose  ma.ss  is  greater  than  that  of  the  earth  and  less 
than  tliat  of  Neptune. 

It  will  be  seen  (Art.  I9G)  that  planets  sometimes  capture 
comets  and  re<luce  their  orbits  so  that  their  aphelia  are 
near  the  orbits  of  their  <'aptors.  Jufiiter  has  a  large  family 
of  comets,  and  Saturn  and  L'ranus  have  smaller  ones.  As 
far  back  as  1880,  Forbes,  of  Iixiinliurgh,  inferred  from  a 
study  of  the  urbit-s  of  those  comets  whose  aphelia  are  beyond 
the  orbit  of  Neptune  that  there  are  two  remote  members  of 
the  solar  family  revolving  at  the  distances  of  100  and  300 
astronomical  units  in  tiie  immense  periods  of  KXK)  and  ."iOtX) 
yeai-s.  \V.  H.  Pickering  has  made  an  extensive  statistical 
study  of  the  orbits  of  comets  and  infers  the  probable  exist- 
ence of  three  fir  four  (rans-Nei)tunian  planets.  The  data 
are  so  uncertain  that  (he  correctness  of  the  conclusion  is 
much  in  doubt. 

162.  The  Zodiacal  Light  and  the  Gegenschein.  —  The 
zodiacal  hght  is  a  soft,  hazy  wedge  of  light  stretching  up 
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from  tho  liorizon  along  tlie  ecliptic  just  us  twilight  is  ending 
or  as  dawn  is  In-ginning.  Its  bjwe  is  20'  or  30'  wide  and  it 
generally  can  be  followed  90°  from  the  sun,  and  sometimes 
it  can  he  seen  Jis  a  narrow,  very  faint  hand  3°  or  4^^  wide  en- 
tirejy  around  the  sky.  It  is  very  difficult  to  decide  precisely 
what  its  limits  are,  for  it  shades  very  gradually  from  an 
illumination  perhaps  a  little  brighter  than  tlic  Milky  Way 
into  the  dark  sky. 

The  best  time  to  observe  the  zodiacal  light  is  when  the 
e<-liptic  is  nearly  jjcrpendicular  to  the  horizon,  for  then  it  is 
less  interferfni  with  by  the  dense  lower  air.  In  the  spring 
the  Kun  is  very  near  the  vernal  e(|uinox.  At  this  time  of 
the  year  the  ecliptic  comes  u]>  after  .sunset  from  the  western 
horizon  north  of  the  equator,  and  makes  a  large  angle  with 
the  horizon,  ('onsequently,  the  spring  months  are  most 
favorable  for  of)serving  the  zodiacal  light  in  the  evening,  and 
for  analogous  reasons  the  auturrm  months  are  most  favorable 
for  fibserving  it  in  the  morning.  It  cannot  be  seen  in  strong 
moonlight. 

The  geyenKdiein,  or  count'vglow,  is  a  very  fiiint  patch  of 
light  in  the  sky  on  the  ecliptic  exactly  opjiosite  to  the  sun. 
It  is  oval  in  shape,  from  W  to  20^  in  length  along  the  ecliptic, 
and  about  half  as  wide.  It  was  first  discovered  by  Rroraen 
in  1854.  and  later  it  was  found  independently  by  Hiirkhouse 
and  Barnard.  It  is  so  exces.sively  faint  thai  it  has  been 
observe<l  by  only  a  few  i)e<iplr. 

The  cause  of  tjie  gegcnschein  is  not  certainly  known. 
It  ha-s  been  .suggested  that  it  is  a  sort  of  swelling  in  the 
zodiacal  band  which  appears  to  he  a  continuation  of  the 
zodiacal  light.  This  explanation  calls  for  an  explanation  of 
the  zodiacal  light,  whi<-h,  of  course,  might  well  he  indep<'nd- 
ently  aske<i  for.  The  zodiacal  light  is  almost  certainly  due 
to  the  reflection  of  light  from  a  great  number  of  small  parti- 
cles circulating  around  the  sun  in  the  plane  of  the  earth's 
orbit,  and  extending  a  little  beyond  the  orbit  of  the  earth. 
An  observer  at  0,  Fig.  100,  would  see  a  considerable  num- 
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ber  of  these  illuminated  purtirles  above  his  horizon  H ;  and ' 
with  the  conditions  as  representoil  in  the  diagram,  the  zodi- 
acal hand  would   extend    faintly 
beyond  the  zenith  and  across  the 
sky. 

It  is  not  clear  from  this  theory 
of  the  zotliaenl  lipht  why  there 
should  be  a  condensation  exactly 
op|)()site  the  sim.  But  at  a  point 
fl:i((,0()O  miles  from  the  earth, 
which  is  beyond  the  apex  of  its 
sliaduw,  there  is  a  region  whore, 
ia  consequenre  of  the  combined 
forces  of  the  earth  and  sun, 
wandorinp  particles  tend  to  circulate  in  a  sort  of  dynamic 
whirlprxil.  It  lias  been  suggested  that  the  circulating  parti- 
cles which  produce  the  zodiacal  light  are  caught  in  this 
whirl  and  are  virtually  contlensed  enough  to  produce  the 
observed  phenomenon  of  the  gegenschein. 


Fio.  100.  —  Explanation  o( 
the  lodiacal  light. 


Xn.  QUESTIONS 

1.  Whieh  of  I  he  methods  of  measuring  the  distance  from  the  earth 
to  the  sun  de^K'nil  upon  <jur  knowledge  of  tiie  size  of  the  earth,  and 
which  arc  independent  of  it  7 

2.  Make  a  single  drawing  showing  the  orbits  of  all  the  planets 
to  the  same  scale.  On  this  scale,  what  are  the  diameters  of  the  earth 
and  of  the  moon's  orbit  ? 

3.  If  the  sun  is  represented  by  a  globe  1  foot  in  diameter,  what 
would  be  the  diameters  and  distances  of  the  planets  on  the  sams^ 
scale? 

4.  How  long  would  it  take  to  travel  a  distance  equal  to  that  from 
the  sun  to  the  earth  at  the  rate  of  f'tO  miles  per  hour?  How  much 
would  it  cost  at  2  cent.s  per  mile  ? 

.1.  The  magnitude  of  tfie  sun  as  seen  from  the  earth  ia  -26.7. 
What  is  its  magnitude  as  sei'n  from  Neptune?  As  seen  from  Nep- 
tune, how  many  times  brighter  is  the  sun  than  Sirius? 

6.  If  Jupiter  were  twice  as  far  from  the  sun,  how  much  fainter 
would  it  be  when  it  is  in  opposition  ? 
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7.  How  great  are  tl>t>  variations  in  tho  clistauG<>s  of  the  planets 
from  the  sun  which  are  duo  to  the  eecentrieities  of  their  orbits? 

8.  Supposti  the  earth  and  Neptune  were  in  a  line  btftween  tho 
sun  and  tho  nearest  star ;  how  uiueh  brighter  would  the  star  appear 
from  Neptune  than  from  the  earth  ? 

9.  In  what  respecls  are  all  the  planets  similar'.'  In  what  respects 
are  the  four  inner  planets  simlliir  but  dilTerent  from  the  four  outer 
planets?  In  w^hat  respeets  arti  the  four  o\iti'r  planets  similar  but 
dififeront  from  the  four  inner  planets  ? 

10.  Find  the  veloeitios  with  which  the  planets  move,  assuming 
their  orbits  are  circles. 

11.  Find  tho  next  dates  at  which  Mercury  and  Venus  will  have 
their  greatest  eastern  elongations,  and  at  which  Mars.  Jupiter,  and 
Saturn  ■«nll  Vie  in  opposition. 

12.  If  possible,  observe  tho  zodiacal  light  and  describe  its  location 
and  characteristics. 


CHAPTER  IX 
THE   PLANETS 

I.  Mercury  and  Venus 

163.  The  Phases  of  Mercury  and  Venus.  —  The  inferior 
planets  Mercury  and  Venus  are  alike  in  several  respects  and 
may  conveniently  be  treated  together.  They  both  have 
phases  somewhat  analogous  to  those  of  the  moon.  When 
they  are  in  inferior  conjunction,  that  is,  at  A,  Fig.  101,  their 

dark    side   is   toward 

'^    .  the   earth   and    their 

phase  is  new.     Since 

'•-,_  the    orbits    of    these 

ci>  o <?"  --.'..,t   planets    are    inclined 

,•  somewhat  to  the  plane 

/  of   the  ecliptic,   they 

-. ,  do  not  in  general  pass 

„      ,,.,       D.  f      •  t   ■      1      .       across  the  sun's  disk. 

Fni.    101.  —  Phiirsoa  of  uii  inferior  phinpt. 

If  they  do  not  make 
a  transit,  they  present  an  extremely  thin  crescent  when  they 
have  the  same  longitude  as  the  sun.  As  they  move  out 
from  A  toward  B  their  crescents  increase,  and  their  disks, 
as  .seen  from  the  earth,  are  half  illuminated  when  they  have 
their  greatest  elongation  at  B.  Dming  their  motion  from 
inferior  conjunction  at  A  to  their  greatest  elongation  at  B, 
and  on  to  their  supfuior  conjunction  at  (',  their  distances 
from  the  earth  constantly  increase,  and  this  increase  of 
distance  to  a  considcialile  extent  offsets  the  advantage 
arising  from  the  fact  tiiat  a  larger  part  of  their  illuminated 
areas  are  visible.  In  order  that  an  inferior  planet  may  be 
seen,  not  only  nmst  its  illuminated  side  be  at  least  partly 
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toward  the  earth,  hiit  it  must  not  bf  too  nearly  in  a  line  with 
the  sun.  For  exaniiiU',  a  pluiict  at  (',  Via.  101,  has  its  il- 
himiuated  side  toward  the  earth,  but  it  is  invisible  because 
it  is  ahnost  exactlj'  in  the  saint;  flirection  as  the  sun. 

The  variations  in  the  apparent  dimensions  of  Venus  are 
greater  than  those  of  Merrury  Ijecause,  when  Venus  is  near- 
est the  earth,  it  is  iinich  nearer  than  the  closest  approach  of 
Merrury,  and  when  il  is  farthest  from  the  earth,  it  is  much 
farther  than  the  most  remntc  point  in  Mercuiy's  orbit. 
At  the  time  of  inferior  conjunction  the  distance  of  Vemis  is 
25,7fX),(KJO  miles,  while  that  of  Mercury  is  ."iti,t1()0,(HI(t  miles; 
and  at  superior  coiijimction  their  respective  distances  are 
160,100,000  and  12!S,(»fMI,0(}()  miles,  The.se  numbers  ai-e 
modified  .somewhat  by  the  I'cccntricities  of  the  orbits  of 
these  thit}e  bodies,  and  especially  by  the  large  eccentricity 
of  the  orbit  of  Mercury. 

Mercury  and  Venus  transit  across  the  sun's  disk  only 
when  they  pass  through  inferior  conjunction  with  the  sun 
near  one  of  the  nodes  of  llieir  orbits.  The  sun  is  near  the 
niwies  of  Mercury's  orbit  in  May  aixl  Nnveiulu'r,  and  con- 
sequently this  planet  transits  the  sun  only  if  it  is  in  inferior 
conjunction  at  one  of  these  times.  Since  there  is  no  simple 
relation  between  the  period  of  Mercury  and  that  of  the 
earth,  the  transits  of  Mercury  tio  not  occur  very  frequently, 
A  transit  of  Mercur>'  is  followeti  by  another  at  the  ."^ame  node 
of  its  orbit  after  iui  interval  of  7,  13,  or  46  years,  according 
to  circumstances,  for  these  periods  are  respectively  very 
nearly  22,  41,  and  14.5  synoilical  revolutions  of  the  planet. 
MonK)ver,  there  may  be  transits  ;ilso  when  Mercury  is  near 
the  other  no<le  of  its  orbit.  The  next  transits  of  Mercury  will 
occur  on  May  7,  1924,  and  on  November  8,  1927.  Mercury 
is  so  small  that  its  transits  can  be  observed  only  with  a 
telescope. 

The  transits  of  Venus,  which  occur  in  June  and  December, 
are  even  more  infrequent  than  those  of  Mercury.  The 
transits  of  Venus  occur  in  cycles  whose  intervals  are,  starting 
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with  a  June  transit,  8, 105.5, 8,  and  121.5  years.  The  last  two 
transits  of  Venus  occurred  on  December  8,  1874,  and  on 
December  6,  1882.  The  next  two  will  occur  on  June  8, 
2004,  and  on  June  5,  2012. 

The  chief  scientific  uses  of  the  transits  of  Mercury  and 
Venus  are  that  they  give  a  means  of  determining  the  posi- 
tions of  tliest'  planets,  they  make  it  possible  to  investigate 
their  atmospheres,  and  they  were  formerly  used  indirectly 
for  determining  (ho  .scale  of  the  solar  sy.stem  (.\rt.  156). 

164.  The  Albedoes  and  Atmospheres  of  Mercury  and 
Venus.  —  The  albedo  of  a  body  is  the  ratio  of  the  light  which 
it  reflects  to  (hat  whidi  it  receives.  The  amount  of  light 
reflected  depenils  to  a  considerable  extent  upon  whether  or 
not  the  body  is  surrounded  by  a  cloud-filled  atmosphere.  A 
body  which  has  no  atmosphere  and  a  rough  and  broken 
surface,  like  the  mitun,  has  a  low  albedo,  while  one  covered 
with  an  atmosphere,  especially  if  it  is  filled  with  partially 
condensed  water  vapor,  has  a  higher  reflect  ing  power.  Every 
one  is  familiar  with  the  fact  tiiat  the  thunderheads  which 
often  appear  in  the  summer  sky  shine  as  white  as  snow 
when  illuminated  fully  by  the  sun's  rays.  It  was  foimd  by 
Abliott  that  tiu'ir  albedo  is  about  0.G5.  If  an  ob.server  could 
see  the  earth  from  the  outside,  its  brightest  parts  would 
undoirbtedly  be  those  portions  of  its  surface  which  are 
covered  I'ither  by  clouds  or  by  snow. 

The  alliedo  of  Mercury,  according  to  the  careful  work  of 
Midler,  of  Potsdam,  is  ab<iut  0.07,  while  that  of  Venus  is 
0.60.  This  is  presumptive  evidence  that  the  atmosphere 
of  Mercury  is  either  very  thin  or  entirely  absent,  and  that 
that  of  Venus  is  abundant. 

It  follows  from  the  kinetic  theory  of  gases  (Art.  32)  and 
the  low  surface  gravity  of  Mercury  (Art.  158,  Table  V)  that 
Mercury  probably  does  not  have  sufficient  gravitative  con- 
trol to  retain  a  very  extensive  atmospheric  envelope.  This 
inference  is  confirmed  by  the  fact  that,  when  Mercury 
transits  the  sun,  no  bright  ring  ir.  .seen  around  it  such  as  would 
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be  observed  if  it  were  surrounded  by  any  considerable  atmos- 
phere. Moreover,  Miiller  fouiul  lluit  the  amount  of  light 
received  from  Mercury  at  its  various  phases  proves  that  it 
is  reflected  from  a  solid,  uneven  surface.  Therefore  there  is 
abundant  justification  for  the  conchisinn  that  Mercury  has 
an  extremely  tenuous  atmosphere,  or  perhaps  none  at  all. 

The  evidence  reKardiiig;  the  atino.'*phcre  of  Venus  is  just 
the  opposite  of  that  encountered  in  the  ctise  of  Mercury. 
Its  considerable  mass  and  surface  gravity,  approximating 
those  of  the  earth,  naturally  lead  to  the  conclusion  that  it 
can  retain  an  atmosphere  comparable  to  our  own.  But  the 
conclusions  do  not  rest  alone  upon  such  general  arguments ; 
for,  when  Venus  transits  (he  sun,  its  disk  is  seen  to  be  sur- 
rounded by  an  ilhuninateil'  atniosidu'ric  ring.  Besides  this, 
when  it  is  not  in  transit,  but  near  inferior  conjunction,  the 
illuminated  ring  of  its  atmosphere  is  sonietiiiies  seen  to 
extend  consi<leral>ly  beyond  the  horns  of  (he  cn^ccnt.  Also, 
the  brilliancy  of  Venus  decreases  somewhat  from  the  center 
toward  the  margin  of  its  disk  where  the  ab.sorption  of  light 
would  naturally  be  the  greatest.  Spectroscopic  observa- 
tions, which  are  as  yet  somewhat  doubtful,  point  to  the 
conclusion  that  the  atmosphere  of  A'cnus  contains  water 
vapor.  Taking  all  the  evidenete  together,  we  arc  ju.Htified  in 
the  conclusion  that  Venus  has  an  atmospheric  envelope 
corresponding  in  extent,  anrl  possibly  in  composition,  to  that 
of  the  earth. 

165.  The  Surface  Markings  and  Rotation  of  Mercury.  — 
The  first  astronomer  to  ol)sei-ve  systematically  and  continu- 
ously the  surface  markings  of  the  sun,  moon,  and  planets 
was  Schroter  (1745-1816).  He  was  an  astronomer  of  rare 
enthusiasm  and  great  patience,  but  seems  sometimes  to 
have  l>een  led  by  his  lively  imagination  to  erroneous 
conclusions. 

Schroter  concluded  from  observations  of  Mercury  made 
in  1800,  that  the  period  of  rotation  of  tliis  (ilanct  is  24  hours 
and  4  minutes.     This  result  was  quite  generally  accepted 
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until  after  Schiaparplli  took  up  his  systematir  observations 
of  the  planets,  at  Milan,  about  1880.  Schiaparelli  found 
that  Mercury  could  he  much  better  seen  in  the  daytime, 
when  it  was  near  the  meridian,  than  in  the  evening,  becavise 
the  iilumination  of  the  sky  was  found  to  be  a  much  less 
serious  obstacle  than  the  absorption  and  irregularities  of 
refraction  which  were  encountered  when  Mercury  was  near 
the  horizon.  His  experience  in  this  matter  has  been  con- 
firmed by  later  astronomers. 

Schiaparelli  came  to  the  conclusion,  from  elusive  and 
vague  markings  on  the  planet,  that  its  axis  is  essentially 
perpendicular  to  the  plane  of  its  orbit,  and  that  its  periods 
of  rotation  and  revolution  are  the  same.  Th(>se  result,s  are 
agreed  to  by  Lowell,  vviio  ha.s  carefully  observed  the  planet 
witfi  an  excellent  24-inch  telescope  at  Flagstaff,  Ariz. 
Although  the  observations  are  verj'  fiifficult,  we  are  perhaps 
entitled  to  conclude  that  the  .same  face  of  Mercury  is  always 
toward  the  s>m. 

166.  The  Seasons  of  Mercury.  —  If  the  period  of  rotji- 
tion  of  Mercury  is  the  .same  as  that  of  its  revolution,  its  sea- 
sons are  due  entirely  to  its  varying  <listance  from  the  .sun 
and  the  varvnng  rates  at  which  it  moves  in  its  orbit  in  har- 
mony with  the  law  of  areas.  The  eccentricity  of  the  orbit 
of  Mercury  is  so  great  that  at  perihelion  its  distance  from  the 
sun  is  only  two  thirds  of  that  at  aphelion.  Since  the  amount 
of  light  anrl  heat  the  planet  receives  varies  inversely  as 
th<>  square  of  its  distance  from  the  sun,  it  follows  that  the 
illumination  <if  Mercury  at  aphelion  is  only  four  ninths  of 
that  at  perihelion.  It  is  obvious  that  this  factor  alone  would' 
make  an  important  sea.sonal  change. 

Whatever  the  period  of  rotation  of  Mercurj'  may  be,  its 
rate  of  rotation  must  be  essentially  uniform.  Since  it 
moves  in  its  orbit  so  as  to  fulfill  the  law  of  aresis,  its  motion 
of  revfilution  is  sometimes  fa.ster  and  sometimes  slower  than 
the  average.  The  re.sult  of  this  is  that  not  exactly  the  stune 
side  of  Mercury  is  always  toward  the  sun,  even  if  its  periods 
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o/  revolution  and  rotation  are  the  same.  The  mathematical 
discussion  shows  that,  at  its  greatest,  it  is  '2'6°.7  ahead  of  its 
roeao  position  in  its  orl)it  and  consoquently,  at  sucii  a  time, 
the  sun  shines  around  the  surfiice  of  Mercury  23°. 7  beyond 
the  point  its  rays  wouKl  reaeii  if  it»s  orl)it  were  strictly  a 
circle.  Similarly,  the  planet  at  times  gets  23°. 7  l)phind  its 
mean  position.  That  is,  Mercury  has  a  lihration  (Art.  129) 
of  23°.7.  If  Mercury's  period  of  rotation  equals  it.n  period 
of  revolution,  there  are,  therefore,  132°. 6  of  longitude  on 
the  planet  on  which  the  sun  always  shines,  an  equal  amount 
on  which  it  never  shines,  and  two  zones  47°. 4  wide  in  whi<'h 
there  is  alternating  day  and  night  with  a  perind  equal  to 
the  period  of  the  planet 's  revolution  aromid  the  sun. 

If  the  periods  of  rotation  and  revolution  of  Mercurj'  are 
the  same,  the  side  toward  the  sim  is  perpetually  subject  to 
itfi  burning  rays,  which  are  very  nearly  seven  times  as 
intense  as  they  are  at  the  distance  of  the  earth,  and,  more- 
over, they  are  never  cut  off  by  clouds  or  reduced  by  an 
appreciable  atmosphere.  The  only  pos-silile  conclusion  is 
that  the  temperature  of  this  portion  of  the  planet's  ssurface 
Ls  very  high.  On  the  side  on  which  the  sun  never  shines  the 
tenajjerature  mu.st  be  extremely-  low,  for  there  is  no  atmos- 
phere to  carr>'  heat  to  it  from  the  warm  side  or  to  hold  in 
that  which  may  be  conducted  to  the  surface  fmrn  the  interior 
of  the  planet.  The  intermediate  zones  are  subject  to  alter- 
nations of  heat  and  cold  with  a  period  equal  to  the  period 
of  revolution  of  the  planet,  aritl  every  temperature  between 
the  two  extremes  is  found  in  some  zone. 

167.  The  Surface  Markings  and  Rotation  of  Venus.  — 
The  histor>'  of  the  observations  of  Venus  ami  the  conclu- 
sions regarding  its  rotation  are  almost  the  same  as  in  the 
case  of  Mercury.  As  early  as  1740  J.  J.  Cassini  inferred  from 
the  observ'ations  of  his  predeces.sors  that  Venus  rotates  on  its 
axis  in  23  hours  and  20  minutes.  Alxiut  1790  Schroter  con- 
cluded that  its  rotation  period  is  about  23  hours  and  21 
minutes,  and  that  the  inchnation  of  the  plane  of  its  equator 
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to  tluit  of  its  orint  is  53°.  These  results  were  generally 
accepted  until  1880,  when  Schiaparelli  announced  that  Venus, 
like  Mercury,  always  lias  tlif  siuno  face  toward  the  sun. 

The  observations  of  Scliiapareili  were  verified  l)y  himself 
in  1895,  and  they  have  been  more  or  less  definitely  confirmed 
by  Perrotin,  Tarchini,  Mascari,  Cerulli,  Lowell,  and  others. 
However,  it  must  be  remarked  that  the  atmosphere  interferes 
with  seeing  the  surface  of  Venus  and  that  the  observations 
are  very  fiouijtful.  Moreover,  reeent  direct  observations 
by  a  number  of  experienced  astronomers  point  to  a  period  of 
rotation  of  alxjut  23  or  24  hours. 

The  speetroseoj)e  enn  also  be  applied  under  favorable 
conditions  to  determine  the  rate  at  which  a  body  rotates. 
In  1900  Belopoisky  concluded  from  observations  of  this  sort 
that  the  period  of  rotation  of  Venus  is  short.  More  accurate 
observations  ]>y  Stiplier,  at  the  Lowell  Ob.servatory,  show  no 
evidence  of  a  short,  period  of  rotation.  The  preponderance 
of  evidence  seems  to  be  in  favor  of  the  long  period  of  rotation, 
but  the  cimclusion  is  at  jiresent  very  uncertain. 

168.  The  Seasons  of  Venus.  —  The  character  of  the  sea- 
soas  (jf  Venus  dcijcnds  very  much  upon  whether  the  planet's 
period  of  rotation  is  ;ip|iriixiniately  24  hours  or  is  equal 
to  its  period  of  revolution.  If  the  planet  rotates  in  the 
shorter  period  and  if  its  equator  is  somewhat  inclined  to 
the  plane  of  its  orl)it,  the  .reasons  must  be  quite  .similar  to 
those  of  the  earth,  though  the  temperature  is  probably  some- 
what hiKlicr  because"  the  planet  is  nearer  to  the  sun.  On  the 
other  band,  if  the  same  face  of  Venus  is  always  toward  the 
sun,  the  conditions  must  be  more  like  those  on  Mercurj', 
though  the  ranpe  of  temperatures  eaimot  be  so  extreme 
becau.se  its  atmosphere  reduces  the  temperature  on  the  side 
toward  the  sun  and  raises  it  on  the  op|X)site  side  by  carr>ing 
heat  from  the  wanner  side  to  the  cooler. 

Sup[x»se  1  he  periods  of  rotation  and  revolution  of  Venus  are 
equal.  Since  the  orbit  of  Venus  is  very  nearly  circular,  it  is 
subject  to  only  a  small  libration  and  only  a  very  narrow  aone 
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around  it  has  alteraatcly  day  and  night.  The  position  of 
the  sun  in  its  sky  is  nrarly  fixed  :md  the  uhnwite  al  every 
place  on  its  surface  is  remfirkiilily  unifonn.  There  must  be  a 
system  of  atmospheric  currents  of  i\  regidarity  nut  known  on 
the  earth,  and  it  has  been  suggested  that  nil  tlie  water  nn 
the  planet  was  long  ago  carried  to  the  dark  side  in  clouds  and 
precipitated  there  as  snow.  This  cnnckision  is  not  neces- 
sarilj'  true,  for  it  seems  likely  thnt  the  air  would  ascend  on 
the  heated  side  and  lose  its  moisture  by  precipitation  before 
the  high  currents  which  would  go  to  the  dark  sirle  had  pro- 
ceeded far  on  their  way. 

Considered  as  a  whole,  Venus  is  more  like  the  earth  than 
any  other  planet ;  and,  so  far  as  can  be  determined,  it  is  in 
a  condition  in  which  life  can  flourish.  In  fact,  if  any  other 
planet  than  the  earth  is  inhabitcfl,  that  one  is  probably 
Venus.  It  must  be  added,  however,  that  there  is  no  direct 
evidence  whatever  to  support  the  supposition  that  there 
is  life  upon  its  surface. 

II.   Mars 

169.  The  Satellites  of  Mars.  —  In  August,  1877,  .^.saph 
Hall,  at  W.i.shiiigton,  disci)V<'re<l  two  very  small  satellites 
revolving  eastward  arounri  Mars,  sensibly  in  the  plane  of  its 
equator.  They  are  so  minute  and  so  near  the  bright  planet 
that  they  can  be  seen  only  with  a  lurge  telescope,  and  usually 
it  is  advantageous,  when  observing  them,  to  obscure  Mara 
by  a  small  screen  placed  in  the  focal  plane.  These  satellites 
are  called  Phobos  and  Deimos.  The  only  way  of  determin- 
ing their  dimensions  is  from  the  amount  of  light  they  reflect 
to  the  earth.  Though  Phobos  is  con.siderably  brighter 
than  Deimos,  its  diameter  probably  does  not  exceed  10  miles. 

Not  only  are  the  satellites  of  Mars  very  small,  hut  in  other 
respects  they  present  only  a  rough  analog^'  to  tin-  moon 
revolving  around  the  earth.  The  distance  of  Phobos  from 
the  center  of  Mars  is  only  .W-W  miles,  while  that  of  Deimos 
Is  14,650  miles.    That  is,  Phobos  is  only  3680  miles  from  the 
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series  of  9  photographs,  taken  one  after  the  other  at  short 
intervals,  by  Baniard,  at  the  Yerkes  Observatory.  By 
comparing  observations  at  one  time  with  (hose  made  at  a 
kter  date  the  period  of  rotation  of  the  planet  can  be  found. 
In  fact,  considerable  rotation  is  observable  in  the  .short 
interval  covered  by  the  photographs  in  Fig.  103.     Hooke 


■Mflrs.     PholOf/rfiphai  hu    Rnrnnrti  with   the  ^O-inch   teU'^mtn:  o/ 
Ihe  YcrktJi  Ohfi-n'alory,  Siiil.  S.i,  UtOit. 

and  CaKsini  soon  discovered  that  Mars  turns  on  its  axis  in 
a  period  of  a  little  more  than  24  hrs.  By  comparing  their 
observations  with  those  of  the  present  day  it  is  found  that 
it*  period  of  rotation  is  24  hrs.  37  m.  22.7  sees.  The 
high  order  of  accuracy  of  this  result  is  a  consequence  of  the 
fact  that  the  imiwrtance  of  the  errors  of  the  observations 
diminishes  as  the  time  over  which  they  extend  increjises. 

Tiie  incUnation  of  the  plane  of  the  equator  of  Mars  to 
tlie  plane  of  its  orbit  is  between  23°  and  24°.  The  inclina- 
tion cannot  be  determined  as  accurately  ae  the  period  of 
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rotation  because  tlie  only  advantage  of  a  long  series  of 
observations  consists  in  their  number.  But,  in  spite  of  its 
uncertainty,  the  ot)liquity  of  tlie  ecliptic  of  Mare  to  its 
equator  is  certainly  approximately  equal  to  that  of  the 
earth,  and,  consequently,  the  seasonal  changes  are  quali- 
tatively much  like  tliose  of  the  earth.  One  important 
difference  i.s  that  the  period  of  Mars  is  aixjut  23  months, 
and,  therefore,  while  its  day  is  only  a  little  longer  than  that 
of  the  earth,  its  year  is  nearly  twice  as  long.  It  is  not  meant 
to  imply  by  these  sttUements  that  the  climate  of  Mars  is 
similar  to  that  of  the  earth.  Its  distance  from  the  sun  is 
so  much  greater  that  the  amount  of  light  and  heat  it  receives 
per  unit  area  is  only  about  0.43  of  that  which  the  earth 
receives. 

171.  The  Albedo  and  Atmosphere  of  Mars.  —  According 
to  the  ubsi  rvations  uf  .Miillcr,  the  ailtedo  of  Mars  is  0.15, 
which  indicates  probably  u  thin  atmosphere  on  the  planet. 

The  surface  gravity  of  Mars  is  only  0.36  that  of  the  earth, 
and,  consequently,  it  would  be  expected  on  the  basis  of  the 
kinetic  theory  of  gases  that  it  might  retain  some  atmosphere, 
though  not  a  very  extensive  one.  Direct  observations  of 
the  planet  confirm  this  conclusion.  In  the  first  place,  its 
surface  can  nearly  always  be  seen  without  appreciable  inter- 
ference from  atmospheric  phenomena.  If  the  earth  were 
seen  from  a  distant  planet,  sucii  as  Venus,  not  only  would 
the  clouds  now  and  then  entirely  shut  off  its  surface  from 
view,  but  the  reflection  and  absorption  of  light  in  regions 
where  there  were  no  clouils  wouM  jirobably  make  it  impos- 
sible to  see  distinctly  anything  on  its  surface. 

The  fact  that  Mars  has  a  rare  atmosphere  is  also  proved 
tiy  the  suddenness  with  which  it  cuts  off  the  light  from 
stars  when  it  j^asses  between  them  and  the  earth.  Those 
planets  which  have  extensive  atmospheres,  such  as  Jupiter, 
extinguish  the  light  from  the  stars  more  gradually.  If  the 
atmosphere  of  Mars,  relatively  to  its  mass,  were  of  the  same 
density  as  that  of  the  earth,  it  would  be  rarer  at  the  surface 


OB.  tx,  172] 


THE   PLANETS 


277 


of  the  planet  tlian  our  atmosphere  is  at  the  top  of  the  loftiest 
mountains. 

A  number  of  lines  of  evidence  have  been  given  for  the 
conclusion  that  the  atmosphere  of  Mars  is  not  exten.sive. 
The  question  occa.sionally  arises  whether  it  has  any  atmos- 
phere at  all.  The  answer  to  this  must  be  in  the  affirmative, 
because  faint  clouds,  po.ssibly  of  dust  or  mist,  have  often 
been  observed  on  its  surface.  They  are  very  common  along 
the  borders  of  the  l)riglit  caps  which  cover  it.«  poles.  Another 
related  phenomenon  which  is  very  remarkable  and  not 
easy  to  explain  is  that,  sometimes  for  considerable  periods, 
the  planet's  whole  tiisk  is  dim  and  obscure  as  though  covered 
by  a  thin  mist. 
While  the  cause 
of  this  obscura- 
tion is  not 
known,  it  is  suj}- 
posed  that  it  is 
a  phenomenon 
of  the  atmos- 
phere of  the 
planet.  Besides 
this,  Mars  undergoes  seasonal  changes,  not  only  in  the  polar 
cups,  which  will  be  considered  in  the  next  artido,  hut  also 
even  in  conspicuous  markings  of  other  typ(\s.  I'^igure  104 
Ipves  three  drawings  of  the  same  side  of  Mars  by  Barnard, 
on  SeptembcT  23,  October  22,  nnd  OctolK-r  28,  1894,  showing 
notable  temix)rar\-  changes  in  its  apjK-arance. 

172.  The  Polar  Caps  and  the  Temperature  of  Mars.  — 
The  surface  of  Mai-s  on  the  whole  i.s  dull  brick-red  in  color, 
but  its  polar  regions  during  their  winter  seasons  are  covered 
with  snow-white  mantles.  One  of  these  so-calleti  polar 
caps  sometimes  devclop.s  in  the  course  of  two  or  three  days 
over  an  area  reaching  down  from  the  pole  25°  to  35°;  it 
remains  undiminished  in  brilliancy  during  the  long  winter 
of  the  planet;   and,  as  the  spring  advances,   it  gradually 
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diminishfts  in  size,  contracting  first  around  the  edges;  it 
then  breaks  uj)  more  or  less,  and  it  sometimes  entirely  dis- 
appears in  the  kite  summer. 

After  the  southern  polar  cap  hiis  shrimk  to  the  dimensiona 
given  by  Barnard's  ol)servation  of  August   13,   1894,   Fig. 

105,  an  elongatetl  white 
patch  is  found  to  be  left 
behintl  the  retreating  white 
sheet.  The  same  tiling  was 
observit!  in  the  same  place 
at  tlie  corresponding  Mar- 
tian season  in  1 8!>2,  and  also 
at  later  opixisitions.  This 
means  that  the  phenome- 
non is  not  an  accident ,  but 
that  it  depends  ufK>n  the 
nature  of  the  surface  of 
Mai-s.  Barnard  has  sug- 
gest«l  that  there  may  be 
an  elevatetl  region  in  the 
fihice  on  which  the  spot  is 
ol>served  where  the  snow 
or  frost  remains  until  after 
it  hiis  entirely  disappeared 
in  the  vallej's.  At  any  rate, 
this  phenomenon  strongly 
points  to  the  conclusion 
that  there  are  considerable 
irregularities  in  the  surface 
of  Mars,  though  on  the 
wliole  it  is  probably  much 
smoother  than  the  earth. 
This  is  an  iniixirtant  point 
which  must  be  Iwrne  in 
mind  in  interpreting  other  things  observed  upon  the  surface 
of  the  planet. 


105.  —  Disupiiearunco  of  polar  cap 
of  Mara  (Barnard). 
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The  polar  cap  around  tho  south  pole  of  Mars  has  been 
more  thoroughly  sturliod  ihiin  thf  one  at  the  north  pole 
because  the  south  pole  is  turned  tuwiUMi  tlir-  earth  when  Mars 
is  in  opposition  near  the  periheliun  point  of  its  orl)it.  The 
eccentricity  of  the  orbit  of  this  planet  is  so  great  that  its 
distance  from  the  orbit  of  the  earth  when  it  is  at  its  ]>erihelion 
(which  is  near  the  aphelion  of  the  earth's  orbit )  is  mure  than 
23,000,000  miles  less  than  when  it  is  at  its  aphelion.  How- 
ever, in  the  course  of  immense  time  the  m\itual  perturbations 
of  the  planets  will  so  change  the  orbit  of  Mars  that  its  north- 
cm  polar  region  will  be  more  favorably  situated  for  observa- 
tions from  the  earth  than  its  southern. 

If  the  polar  caps  of  Mars  are  due  to  snow,  there  must  be 
water  vapor  in  its  atmosphere.  The  spectroscope  is  an 
instrument  which  under  suitable  conditions  enables  the 
astronomer  to  determine,  the  constitution  nf  the  atmosphere 
of  a  celestial  Imdy  from  which  he  receives  light.  Mars  is 
not  well  adiipted  t"  the  puri'K>sp  because,  in  the  first  place, 
the  light  received  from  it  is  tmly  reflected  sunlight  which 
may  have  traversed  more  or  less  of  it.s  shallow  and  tenuous 
atmosphere;  anrl,  in  the  second  phice,  the  atmosphere  of 
the  earth  itself  contsiins  usually  a  large  amount  of  water 
vapor.  It  is  not  ea.sy  to  make  sure  that  the  ab.sorption 
spectral  lines  (Art.  225)  may  not  be  due  altogether  to  the 
water  vapor  in  the  earth's  atmosphere. 

The  early  spectroscopic  investigations  of  Huggins  and 
Vogel  pointed  toward  the  existence  of  water  on  Mars;  the 
later  ones  by  Keeler  and  Campbell,  with  much  more  powerful 
iastruments  and  under  better  atmospheric  conditions,  gave 
the  opposite  result ;  but  the  spectograms  obtained  by  Slipher 
at  the  Lowell  Observatory,  under  exceptionally  favorable 
instrumental  and  climatic  conditions,  again  indicate  water 
on  Mars.  In  \"iew  of  the  difficulties  of  the  problem,  a  nega- 
tive result  could  scarcely  be  regarded  as  being  conclusive 
evidence  of  the  entire  absence  of  water  on  Mars,  while 
evidence  of  a  small  amoimt  of  water  vapor  in  its  atmosphere 
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is  not  unreasonable  and  is  quite  in  harmony  with  the  phe- 
nomena of  its  polar  caps. 

The  distance  of  Mars  from  the  sun  is  so  great  that  it 
receives  only  about  0.43  as  much  light  and  heat  per  unit 
area  as  is  received  by  the  earth.  The  question  then  arises 
how  its  polar  caps  can  nearly,  or  entirely,  disappear,  wliile 
the  poles  of  the  earth  are  perpetually  buried  in  ice  and 
snow.  The  respon.ses  to  this  question  have  been  various, 
many  of  them  ignoring  the  fundamental  physical  priuciijlee 
on  which  a  correct  answer  must  be  baaed. 

Ill  the  first  place,  consider  the  jjroblem  of  determining 
what  the  average  temperature  of  Mars  would  be  if  its  atmos- 
phere and  surface  structure  wore  exactly  like  those  of  the 
earth.  Tliat  is,  let  us  find  what  the  temperature  of  the  earth 
would  be  if  its  distance  from  the  sun  were  equal  to  that  of 
I  Mars.  The  amount  of  heat  a  planet  radiates  into  space  on 
the  average  equals  th.it  which  it  receives,  for  otherwise  its 
temperature  would  continually  increase  or  tliminish.  There- 
fore, the  amount  of  heat  Mars  radiates  per  unit  area  is  on 
the  average  0.43  uf  that  ratliated  per  unit  area  by  the  earth. 
Now  the  amount  of  heat  a  body  radiates  depends  on  the 
character  of  its  surface  and  on  its  temperature.  In  this 
calculation  the  surfaces  of  Mars  and  the  earth  are  assumed 
to  be  alike.  According  to  Stefan's  law,  which  has  been  veri- 
fied both  theoretically  and  experimentally,  the  radiation  of 
a-black-  body  varies  as  the  fourth  power  ST  its  "aBsoTuTe 
tfiiupeiature.  Or,  the  absolute  temperatures  of  two  black 
bodies  are  as  the  fourth  roots  of  their  rates  of  radiation. 

Now  apply  this  proportion  to  the  case  of  Mars  and  the 
earth.  On  the  Fahrenheit  scale  the  mean  annual  surface 
temperature  of  the  whole  earth  is  about  60°,  or  28°  above 
freezing.  The  absolute  zero  on  the  Fahrenheit  scale  is 
491°  below  freezing.  Therefore,  the  mean  temperature  of 
the  earth  on  the  Fahrenheit  scale  counted  from  the  absolute 
zero  is  alujut  401°  4-  28°  =  519°.  Let  x  represent  the 
absolute  temperature  of  Mars ;  then,  under  the  assumption 
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that  its  surface  is  like  that  of  the  earth,  the  proportion  becomes 

J :  519  =  v'O^  :  \/T, 

from  which  it  is  found  that  x  =  420°.  That  is,  under  tiiese 
hypotheses,  the  mean  surface  temperature  of  Mars  comes 
out  491° -420°  =  71°  below  freezing,  or  71° -32°  =  39° 
below  zero  Fahrenheit. 

The  results  just  obtained  can  lay  no  claim  to  any  par- 
ticular degree  of  accuracy  Ijccause  of  the  uncertaiu  hypotheses 
on  which  they  rest.  But  it  does  not  seem  that  the  hypothesis 
that  the  surface^s  of  Mars  and  the  e^irth  radiate  similarly 
can  be  enough  in  error  to  change  the  results  by  very  many 
degrees.  If  the  atmosphere  of  Mars  were  of  the  same  con- 
stitution as  that  of  the  earth,  but  simply  more  tenuous,  its 
actual  temperature  would  hv  lower  than  that  found  by  the 
computation.  On  the  other  hand,  if  the  atmosphere  of 
Mars  contained  an  abundance  of  gases  which  strongly 
absorb  and  retain  heat,  such  as  water  vajHir  and  carbon 
dioxide,  its  mean  temperature  might  be  considerably  above 
—  39°.  But,  taking  all  these  jwssibilitics  into  consideration, 
it  seems  rea.sonal>ly  certain  that  the  mean  temperature  of 
Mars  is  considerably  below  zero  Fahrenheit.  The  question 
then  arises  how  its  |X)Iar  caps  can  almost,  or  entirely, 
disappear  each  summer. 

The  fundamental  principle.*  on  which  precipitation  and 
evaporation  depend  can  be  understood  by  con.'^idering  these 
phenomena  in  ordinary  metporologj'.  If  there  is  a  large 
quantity  of  water  vapor  in  the  air  and  the  temperature 
falls,  there  is  precipitation  before  the  freezing  point  is  reached, 
and  the  result  is  rain.  On  the  other  hand,  if  the  amount  of 
water  vapor  in  the  air  is  small,  there  is  no  precipitation 
until  after  the  temperature  ha.s  descended  below  the  freezing 
point  of  water.  In  this  case  when  precipitation  occurs  it 
is  in  the  form  of  snow  or  hoar  frost. 

The  reverse  process  is  similar.  Suppose  the  temperature 
of  snow  is  slowly  being  increased.     If  there  is  only  a  very 
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little  water  vapor  in  the  air  surrounding  it,  the  snow  evapo- 
rates into  water  vapor  wit)iout  first  melting.  On  the  other 
hand,  if  the  ittmosplu-re  contains  an  abundance  of  water 
vapur,  the  snow  does  not  evaporate  until  after  its  tempera- 
ture liaM  risen  alxive  the  freezing  point.  But  at  the  freezing 
point  the  snow  turns  into  water. 

The  gist  of  the  whole  matter  is  this:  If  the  water  vapor 
ill  the  atmosphere  is  iiljundaiit,  precipitation  and  evapora- 
tion take  place  alcove  the  freezing  {xant ;  and  if  it  is  scarce, 
prei'ijntation  and  evaj)oration  take  place  below  the  freezing 
point.  The  temperature  at  which  thi>se  processes  begin 
depends  only  on  the  density  of  wat«r  vapor  present  and  not 
at  all  upon  the  constitution  and  density  of  the  remainder  of 
the  atmosphere.  For  example,  snow  evaporates  (or  sub- 
limes) at  —35°  Fahrenheit  when  the  density  of  the  water 
vapor  surrounding  it  is  such  that  its  pressure  is  less  than 
0. 00018  of  ordinary  atmospheric  pressure;  or,  if  this  is  the 
water-vai)ar  pressure  anil  the  temjjerature  falls  below  —35°, 
snow  is  ]>recipitattHl.  Similarly,  water  evaporates  at  80° 
Fahrenheit  if  the  pressure  of  the  water  above  it  is  less  than 
0.034  of  atmospheric  pressure ;  or,  with  this  pressure  of 
water  vapor,  precipitation  occurs  if  the  temperature  falls 
below  80°.  This  explains  why  the  earth's  atmosphere  on 
the  whole  is  mucli  dryer  in  the  winter  than  it  is  in  the  summer. 

The  application  to  Mars  is  simple.  Suppose  its  polar 
caps  are  actually  due  to  snow  or  hoar  frost,  as  they  appear 
to  be.  The  fact  that  they  nearly  or  entirely  disappear  in 
the  long  summers  meaas  only  that  the  atmosphere  is  dry 
enough  for  evaporation  to  ttike  place  at  the  temperature 
which  prevails  on  the  planet.  If  the  temperature  of  Mars 
were  known,  the  amount  of  water  vapor  in  it*<  atmosphere 
could  be  comjiut  cfl  from  the  phenomena  of  the  polar  caps  ;  and 
conversely,  if  the  amount  of  water  vapor  in  the  atmosphere 
of  Mars  were  known,  its  temperature  could  be  computed. 

Some  direct  considerations  on  the  possible  temperature 
of  Mars  have  been  given,  and  reference  has  been  made  to 
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the  possibility  of  (loterinining  thp  water  content  of  its 
atmosphere  by  means  of  the  spectroscope.  There  is  an 
additional  line  of  evidence  which  bears  on  the  question  in 
hand.  The  surfafe  of  tlie  planet  is  largely  of  a  brick-red 
color,  and  is  interpreted  as  being  in  a  desert  ct)ndition.  While 
there  are  dark  regions  which  have  been  supposed  possibly  to 
be  marshes,  there  are  certainly  no  large  bodies  of  water  on 
it-s  surface  com])arahle  to  the  nrcaiis  and  sejis  upon  the 
earth.  These  things  confirm  the  conclusion  that  water  is 
not  abundant  on  Mars  and  that  its  mean  temperature  may 
be  below  zero ;  but,  in  the  c(|uatorial  rcgintis  in  the  long  sum- 
mers, the  temperature  may  rise  for  a  consideriibie  time  even 
alx)ve  the  freezing  point. 

173.  The  Canals  of  Mars.  —  In  1877,  SchiaparelH,  an 
Itahan  observer  of  Milan,  matte  the  first  of  a  serie.«  of  impor- 
tant discoveries  respecting  the  surface  markings  of  Mars. 
Although  he  had  only  a  modest  telesci)])e  of  8.75  inches'  aper- 
ture, he  found  that  the  brick-red  regions,  which  had  been 
supjwsed  to  be  continental  are.as,  were  crossed  and  recros.sed 
by  many  straiglit.  dark,  greenish  streaks  which  always 
ende<l  in  the  darker  regions  known  as  "  seiu><."  These  streaks 
were  of  great  length,  extending  in  uniform  width  from  a  few 
hundred  miles  uji  to  three  or  four  thousand  miles.  While 
they  appeared  to  be  very  narrow,  they  must  have  been  at 
least  20  miles  across.  Schiaparelli  called  them  "  canaH  " 
(channels),  which  was  translated  as  "  canals,"  a  designation 
unfortunately  too  suggestive,  for  they  have  no  analogy  to 
anything  on  the  earth.  When  a  number  of  them  intersect, 
there  is  generally  a  dark  s[)ot  at  the  point  of  intersection 
which  is  called  a  "  lake."  Sometimes  a  numlier  of  them 
intersect  at  a  single  point ;  and,  according  to  Lowell,  the 
junctions  of  canals  are  always  surroumled  by  lakes,  while 
lakes  are  found  at  no  other  places. 

In  the  winter  of  1881-82  Mars  was  .again  in  opposition, 
though  not  so  near  the  earth  as  in  1877.  SchiapareUi  not 
only  verified  his  earlier  observations,  but  he  also  found  the 
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remarkiible  fact  that  a  number  of  the  canals  had  doubled ; 
that  is,  that,  in  a  number  of  cases,  two  canals  ran  parallel 
to  each  other  at  a  distance  of  from  200  to  400  miles,  as  shown 
on  Lowell's  map  in  Fig.  106,  which  is  a  photograph  of  a 
globe  on  wliich  he  had  drawn  all  the  markings  he  had 
observed.     The  doubling  was  found  to  depend  upon  the  sea- 


Fio.   lOfi.  —  Lowell's  map  of  Mars. 


sons  and  to  develop  with  great  rapidity  when  the  sun  waa 
at  the  Martian  equinox. 

The  history  of  the  observations  of  the  markings  of  Mars 
since  the  time  of  Schiaparelli  is  filled  with  the  most  remark- 
able contradictions.  The  observations  of  the  keen-eyed 
Italian  have  been  confirmed  by  a  number  of  other  astrono- 
mers, amr)iiK  whom  may  be  mentioneii  Perrotin  andThollon, 
of  Nice,  Williams,  of  England,  W.  H.  Pickering,  of  Harvard, 
and  especially  Lowell,   who   has  a  large  24-inch  telescope 
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favorably  located  at  Flagstaff,  Arizona.  On  the  other  hand, 
many  of  the  foremost  observers  working  with  the  Very  lar- 
gest telescopes,  such  as  Antoniadi,  with  the  32.75-inch  Meu- 
don  refractor,  the  Lick  observers,  with  the  great  36-inch 
telescope,  Barnard,  with  the  40-inch  Yerkes  telescope,  and 
Hale,  with  the  60-inch  reflector  of  the  Solar  Observatorj'  at 
Mt.  Wilson,  California,  have  been  entirely  unable  to  see  the 
canals.  This  does  not  mean  that  they  have  not  seen  mark- 
ings on  Mars,  for  they 
have  obserN'ed  many  of 
thna ;  but  they  do  not 
find  the  narrow,  straight 
lines  observe<l  by  Schia- 
parelli,  Lowell,  and 
others.  In  Fig.  107  four 
vic\\'s  of  Mars  are  shown 
as  seen  by  Barnard  with 
the  great  tele-scope  of  the 
Lick  Ob.ser\'ator>',  and 
Fig.  108  is  a  photograph 
made  with  the  60-inch 
reflecting  telescope  of  1  ho 
Mt.   Wilson    Solar    Ob-    ^     ,„.      ^  , ,,      .    ,  „.  , 

Flu.  lOi.  — Drawinits  of  Murs  iri  LVJl  by 
Servatory.      In  the  midst  Bamnrd  at  the  Uck  Oheen-ulory. 

of  these  conflicting  results 

it  is  difficult  to  draw  any  certain  conclu.sion ;  but  it  must 
be  remembered  in  considering  such  a  subject  that  reliable 
|K>sitive  evidence  ought  tn  outweigh  a  large  amount  of  nega- 
tive evidence. 

174.  Explanations  of  the  Canals  of  Mars.  —  Tlie  explana- 
tions of  the  canals  of  Mars  have  been  extremely  varied. 
Many  a-stronomers  believe  they  are  iliu.sions  of  some  sort. 
They  think  the  eyn  in  .«orae  way  integrates  the  numerous 
faint  markings  which  certainly  exist  on  Mars  into  straight 
lines  and  geometrieal  figures.  The  experiments  of  Maunder 
and  Evans  and  the  more  recent  ones  of  Newcomb  of  having 
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a  number  of  persons  make  drawings  of  what  they  could  see 
on  a  difek  covered  with  irregular  marks  and  held  slightly 
beyond  the  limits  of  distinct  vision,  strikingly  ronfirm  this 
conrlusion.  Anioiiiadi  states  in  the  most  unequivocal  terms 
that  the  observations  of  Mars  at  the  opposition  of  1909  give 


Fio.   lOK.  —  Photograph  of  Mars  (the  OO-inch  njflcctor  of  Ihe  Mt.  Wilaon 
Solar  Obaervatory). 

to  the  theory  of  the  objective  existence  of  canals  on  Mars 
an  unanswerable  ronfutation.  Other  astronomers  hold  that 
sueh  a  network  of  markings  on  a  planet  whose  surface  is 
certainly  somewhat  uneven  is  inherently  improbable,  and 
shoiifd  not  be  accepted  without  the  most  conclusive  evidence. 
At  the  other  extreme  stands  Lowell,  who  maintains  that 
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not  only  are  the  canals  real  but  that  tliey  prove  the  existence 
on  the  planet  of  highly  intelligent  beings.  He  argues  for 
the  reality  of  the  cjiuals  un  the  gruund  that  they  always 
appear  at  well-defined  positions  4m  the  planet  and  that  they 
change  in  a  systematic  way  witli  the  seasons.  He  argues  that 
they  are  artifieial  because  they  alw:iys  run  along  the  arcs  of 
great  circles,  because  several  of  them  .sometimes  cross  at  a 
point  with  the  utmost  precision,  and  because  in  many  cases 
two  of  them  run  perfectly  parallel  ft)r  more  than  a  thousand 
miles.  Ob\aously  this  remarkable  regularity  could  not  be 
the  result  of  such  processes  aa  the  erosion  of  rivers  or  the 
cracking  of  the  surface. 

W.  H.  Pickering  first  suggested  that  the  canals  may  be 
due  to  vegetation,  and  Lowell's  theory  is  an  elaboration  of 
tliis  idea.  Lowell  believes  the  streaks,  known  as  canals, 
are  strips  of  vegetation  20  or  more  miles  wide,  which  grow 
on  a  region  irrigated  by  lateral  ditches  from  a  large  central 
canal.  Tins  explains  their  seasimai  character.  Moreover, 
he  finds  the  streaks  first  developing  near  the  dark  (marshy?) 
regions  and  extending  grarlually  out  from  them  even  across 
the  equator  of  the  planet  to  regions  having  the  opposite  .sea- 
son. The  explanation  given  for  this  phenomenon  is  that 
when  the  snow  of  the  polar  caps  melts,  the  resulting  water 
first  collects  in  the  marsiies  and  is  led  thence  uut  into  the 
waterways  which  extend  through  the  centers  of  the  canals. 
The  observations  of  Lowell  show  that,  according  to  his 
explanation,  water  must  flow  along  the  canals  at  the  rate 
of  2.1  miles  per  hour.  He  infers  from  the  elaborate  system 
of  irrigated  regions  that  Mars  is  inhabited  by  creatures 
posses.sing  a  high  order  of  intelligence. 

Although  Lowell's  theory  seems  highly  improbable  and  may 
be  altogether  wrong,  life  may  nevertheless  exist  upon  Mars. 
But  if  there  is  life  on  this  planet,  the  creatures  which  inhabit 
it  must  be  very  dilTcrent  physically  from  those  on  the  earth, 
because  it  would  be  necessary  for  them  to  be  adapted  to  an 
entirely  different  environment.     On  Mars  the  surface  gravity 
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is  less  than  on  the  earth,  the  light  and  heat  received  from 
the  sun  are  less  and  the  temperature  is  probably  far  lower, 
the  atmosphere  is  much  lt!ss  abundant,  and  it  may  be  quite 
different  in  constitution,  and  the  seasonal  changes  are 
nearly  twice  as  long.  The  plants  and  animals  which  in- 
habit the  earth  are  more  or  less  perfectly'  adapted  to  the 
conditions  existing  on  its  surface,  and  the  conditions  have 
not  been  made  to  fit  them,  as  was  once  generally  believed. 
Similarly,  life  on  other  planets  must  be  adapted  to  the 
environment  in  which  it  is  placed  or  it  would  shortly  perish. 

Further,  if  Mars  or  any  other  world  is  inhabited,  there  is 
no  reason- to  suppose  that  its  highest  intelligence  has  reached 
the  precise  stage  attained  by  the  human  race.  The  most 
intelligent  creatures  on  another  planet  may  be  in  the  condi- 
tion corresponding  to  that  in  which  our  ancestors  were  when 
thcj-  lived  in  caves  and  ate  uncooked  food ;  or,  millions  of 
years  ago  they  may  have  passed  through  the  stage  of  strife 
and  deadly  competition  in  which  tlie  human  race  is  to-day. 

It  is  a  curious  fact  that  those  who  know  but  little  about 
astronomy  are  nearly  always  very  much  interested  in  the 
question  whether  other  worlds  are  inhabited,  while  as  a  rule 
astronomers  who  devote  their  whole  lives  to  the  subject 
scarcely  give  the  question  of  the  habitability  of  other  planets 
a  thought.  .\stronomerH  are  doubtless  influenced  by  the 
knowledge  that  such  speculations  can  scarcely  lead  to  cer- 
tainty, and  they  are  deeply  impressed  by  the  fundamental 
laws  which  they  find  operating  in  the  universe.  Nevertheless, 
there  seems  to  be  no  good  reason  why  we  should  not  now 
and  then  consider  the  question  of  the  existence  of  life,  not 
only  on  the  other  ])Ianets  of  the  .solar  system,  but  also  on  the 
millions  of  planets  that  possibly  circulate  around  other  suns. 
Such  speculations  help  to  enlarge  our  mental  horizon  and 
to  give  us  a  better  persf>ectivc  in  contemplating  the  origin ' 
and  destiny  of  the  human  race,  but  we  should  never  forget 
that  they  are  speculations. 
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III.   Jupiter 

176.  Jupiter's  Satellite  System.  —  The  first  objects  dis- 
covured  by  Cialileg.  wheu  be  pointed  Fii.s  Httle  telescope  to 
the  sky  in  1610  were  the  four  brightest  moons  of  Jupiter. 
They  arc  barely  heyoiid  the  limits  of  visibility  without  optical 
aid  and,  indcetl,  could  be  .seen  with  the  unaided  eye  if  they 
were  not  obscured  by  the  dazzling  rays  of  Jupiter.  No  other 
satellite  of  Jupiter  was  discovered  until  1892,  when  Barnard, 
then  at  the  Lick  Observatory,  caught  a  glimpse  of  a  fifth 
one  very  close  to  the  planet.  It  is  so  small  and  so  buried 
in  the  rays  of  the  neighboring  brilliant  planet  that  it  can 
be  seen  only  by  experienced  oh.servers  with  the  aid  of  the 
most  powerful  telescopes  in  the  world. 

Early  in  1905  Perrine  found  by  photography  that  Jupiter 
has  still  two  more  .satellites  which  are  more  remote  from  the 
planet  than  those  previously  known.  Their  distances  from 
Jupiter  are  both  aluuit  7,000,000  mile.s  and  their  periods  of 
revolution  are  about  0.7.>  of  a  year.  The  eccentricities  of 
their  orbits  are  considerable  and  their  paths  actually  loop 
through  one  another.  The  mutual  inclination  of  their 
orbits  is  28°  and  they  do  not  pass  nearer  than  2,000,000 
miles  of  each  other. 

The  seven  satellites  so  far  enumerated  revolve  around 
Jupiter  from  west  to  east,  but  two  more  have  been  dis- 
covered whose  motion  is  in  the  opposite  direction.  The 
eighth  was  found  by  Melotte,  at  Greenwich,  England,  in 
January,  1908.  It  revolves  around  Jupiter  at  a  mean 
distance  of  approximately  14,000,000  miles  in  a  period 
of  about  740  days.  Its  orbit  is  inclined  to  Jupiter's  equa- 
tor by  about  28°.  The  ninth  was  discov'ered  by  S.  B. 
Nicholson,  in  July,  1914,  at  the  Lick  (^b.ser\'atory.  Its 
mean  distance  from  Jupiter  is  about  15,400,000  mites  and  its 
period  is  nearly  3  years.  These  remote  satellites  arc  very 
small  and  faint,  the  ninth  being  of  the  nineteenth  magni- 
tude, and  the  eighth  about  one  magnitude  brighter. 
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The  first  four  satellites  discovered  are  numljered  I,  II, 
III,  IV  in  the  order  of  their  distance  from  Jupiter.  The 
fifth,  although  it  is  very  close  to  Jupiter,  was  given  the 
number  V.  The  orbits  of  these  five  satellites,  shown  in 
Fig.  109,  are  nearly  circular  and  lie  in  the  plane  of  Jupiter's 
equator.  The  four  larger  satellites  are  of  considerable 
dimensions  and  their  diameters  have  been  determined  by 
Barnard,  the  results  being  given  in  the  following  table : 


Table  VII 


BikTCLum 

Di«TAMCK  rnoM 

PrmoD  or 
Rr.vobcnoH 

DlAKKTBa 

V  (Unnnmed) . 

1  l'2..^)n0  mi. 

Od.  llh.  .".7m, 

about    100  mi. 

I  (lu)     .     .     . 

2(il,(HX)  nii. 

Id.  I8h.  2Sm. 

2462  mi. 

II  (Kiiropa) 

415,0(10  mi. 

■M.  KJh.  14m. 

2045  mi. 

III  ((iativmede) 

r.C)4,fX)l1  mi. 

7d.    :ili,  43m. 

3558  mi 

IV  (Calli.sto)     . 

l.KiT.IKK)  mi. 

ITid.  lOh.  32m. 

3345  rai. 

VI  (Unnamed)  . 

7.:{(MI.IHI0  mi. 

aboul  2W  days 

small 

VII  (Unnamed)  . 

7,.nnf),[K«)  mi. 

about  277  day.s 

small 

VIH  (Unnamed). 

l4,(»0().(KJ0i  mi. 

alioiit  740  days 

very  small 

IX  (Unnarand) . 

15.400.1)00  ±  mi. 

nearly  3  years 

very  small 

176.  Markings  on  Jupiter's  Satellites.  —  The  great  dis- 
tance of  Jupitpr  makes  it  difficult  to  detect  any  but  large  i 
and  Histifictly  colored  markings  on  its  sat^elliteB.  In  1890^ 
Barnard  found  .satellite  I  to  be  elongated  parallel  to  the 
equator  c»f  Jui)i(er  when  tran.«iting  its  darker  portions  and 
elongated,  or  double,  in  the  opposite  direction  when  passing 
over  its  brighter  parts.  He  interpreted  this  as  meaning  that 
the  poles  of  the  satellite  are  dark  and  that  the  equatorial 
belt  is  light  colored.  The  accom]\inying  drawing.  Fig.  110, 
showing  the  satellite  transiting  a  light  region  above  and  a 
dark  one  below,  exhibit,*  the  ob.servcd  appearance  at  the 
left  and  the  probable  actual  condition  at  the  right.  When 
held  at  some  tlistance  from  the  eye,  the  two  appear  the 
same. 
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Some  observers  havo  thought  that  satellites  III  and  IV  are 
somewhat  elliptical   in  shape,    but  Barnard   has  observed 
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Fui.   109. 


-Orliits  of  Knit  four  aatellitea  of 
Jupiter. 


them  repeatedly  with 

the    great   Lick   and 

Yerkes  telescopes  and 

has  been  quite  unable 

to  detect  in  them  any 

departures  from  strict 

sphericity.      V'arioiia 

markings   have  been 

at  times  observed  on 

the     satellites,     and 

Douglas  inferred  from 

his    observations    of 

satellite  III   that   its 

period  of  rotation  is 

ftlwut    7  hours.      At 

present  these  are  mat- 
ters of  speculation. 
177.   Discovery  of  the  Finite  Velocity  of  Light.  —  A  very 

important  discovery  \vii.s  mude  in  cuiuiection  with  ol)serva- 

tions  of  Jupiter's  satellites.    The  periods  of  revolution  of  the 

four  largest  sjitellitcs  naturally 

were   detennined    wlien    Jupiter 

was  in  opposition,  and  therefore 

nearest    the    earth.     Since    the 

satellites    are    in    the    plane   of 

Jupiter's  etiuator,  which  is  only 

slightly  inclined   to  the  ecliptic, 

they    are    eclipsed    when     they 

pass  behind  Jupiter.    From  their 

IK'riods  of  revolution   the  times 

at   which   they  will   be  eclipsed 

can  be  predicted. 

„     .,„      „        J,  J      .  Suppose  the  periods  of  revo- 

Fio.  1 10.  ^  Baniard  s  drawiugs      ,      ■  ,     ,  n-  i     i_ 

of  Jupiter's  satellite  I.  lutiou  uf  the  satellites  and  the 
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times  at  which  they  are  eclipsed  are  determined  when  the 
earth  is  in  the  vicinity  of  E\,  Fig.  111.  Six  months  later, 
when  the  earth  has  arrived  at  Ei,  its  distance  from  Jupiter 
is  greater  by  approximately  the  diameter  of  the  earth's 
orbit,  and  then  the  eclipses  of  the  satellites  are  fomid  to 
be  behind  their  predicted  times  by  the  time  required  for 
light  to  travel  across  the  earth's  orbit.  From  such  obser- 
vations, in  1675,  the  Danish  astronomer  Romer  inferred  that 
it  takes  light  600  seconds  to  travel  a  distance  equal  to  that 
from  the  sun  to  the  earth.  Later  observations  have  shown 
that  the  correct  time  is  498.58  seconds.     When  the  distance 


Fia.  111.  —  Oiftcovcry  of  velocity  of  light  from  eclipses  of  Jupiter's  satellites. 

from  the  earth  to  the  sun  has  been  determined  by  independ- 
ent means,  the  velocity  of  light  can  be  foimd  from  this 
interval,  which  is  called  the  light  equation. 

At  the  present  time  the  velocity  of  light  can  be  det«r- 
mined  much  more  accurately  by  physical  experiments  on 
the  surface  of  the  earth  than  it  can  from  observations  of 
Jupiter's  satellites.  The  work  of  Fizeau,  Michelson,  and 
Newcomb  shows  that  it  is  ver>'  approxintately  186,324  miles 
per  second.  From  this  velocity  and  the  light  equation  of 
498.58  seconds,  the  tiistance  to  the  sun  can  lie  computed. 

178.  The  Rotation  of  Jupiter.  —  The  surface  of  Jupiter 
is  covered  with  a  great  number  of  semi-permanent  mark- 
ings from  which  its  rotation  can  be  determined.    The  period 
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of  rotation  for  spots  near  the  equator  has  been  found  to  be 
about  9  hrs.  and  50  in.,  and  for  those  in  higher  latitudes  about 
9  hrs.  and  57  m.,  with  an  averatje  of  9  hre.  and  54  m. ;  that 
is,  between  the  equatorial  zone  and  higli  latitudes  there  is  a 
diflference  in  the  period  of  about  ^  of  the  whole  period. 
In  85  rotations  the  equator  (lains  a  rotation  on  the  higher 
latitudes.  Moreover,  as  Barnard  ha-s  found,  the  rates  of 
rotation  in  corresponding  northern  and  southern  latitudes 
are  quite  different  in  .'several  zones. 

The  circumference  of  Jupiter  is  nearly  300,000  miles,  and 
it  follows  from  this  and  its  rate  of  rotation  that  the  motion 
at  its  equator  is  about  30,000  miles  per  hour.  Con.sequently, 
if  two  spots  whose  periods  of  rotation  differ  by  7  nuuutes 
were  both  near  the  equator,  they  would  pjvss  each  other 
with  the  relative  speed  of  30,000  -=-  85  =  353  miles  per 
hour.  Though  spots  whose  periods  differ  by  7  nunutes  are 
probably  in  no  case  in  approximately  the  same  latitude,  yet 
they  must  have  large  relative  motions.  Compare  these 
results  with  the  speed  of  from  70  to  100  miles  ix'r  hour  with 
which  tornadoes  sweep  along  the  surface  of  the  earth. 

The  fact  that  the  equatorial  belt  of  Jupiter  rotates  in  a 
shorter  period  than  its  higher  latitudes  is  a  most  remarkable 
phenomenon.  If  it  were  an  i.solated  case,  one  would  natu- 
rally supiJose  that  the  peculiarity  was  due  to  irregidarities 
of  motion  inherited  from  the  time  of  its  origin.  Such  cur- 
rents in  a  body  in  a  fluid  condition  would  be  destroyed  by 
friction  only  very  slowly;  but  the  same  phenomenon  is 
also  found  in  the  case  of  Saturn  and  the  sun.  Il  can  hardly 
be  supposed  that  the  three  are  mere  coincidences.  If  they 
are  not,  the  implication  is  that  these  peculiarities  of 
rotation  have  been  producefl  by  similar  causes.  It  has 
I  been  suggested,  as  will  be  explained  in  Arts.  253,  254,  that 
Ithe  cause  may  be  the  impacts  of  circulating  meteors  or  other 
Imaterial. 

179.   Surface  Markings  of  Jupiter.  —  The  characteristic 
irkings  of  Jupiter  are  a  scries  of  conspicuous  dark  and 
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bright  belts  wliich  stretch  around  the  planet  parallel  to  its 
equator  as  shown  in  Figs.  112,  113,  and  114.  The  central 
equatorial  belt  is  usually  very  light  and  about  10,000  nules 
wide  ;  on  each  side  is  a  belt  of  reddish-brown  color  generally 
of  about  the  same  width.  Several  other  alternately  light 
and  dark  belts  can  b<*  made  out  in  higher  latitudes,  though 
not  as  distinctly  as  the  equatorial  belts-,  partly,  at  least, 
because  they  are  observed  obliquely.  The  belts  vary  con*^_ 
siderably  in   width   from  year   to   year  as   the  drawuig[i^^| 

Fig.  114,  by  Hough" 
show.  On  the  whole, 
the  southern  dark  belt 
of  Jupiter  is  wider 
and  more  conspicuous 
than  the  northern 
one. 

A  good  telescope 
untier  favorable  at- 
mospheric conditions 
reveals  in  the  belts 
many  details  which 
continually  change  aa 
though  what  we  see 
is  cloudlike  in  struc- 

JupiUT,  Sept.  7,  1013  (Baniard).       .  t     r      j    •»  r^n^ 

•      •     *"     '  ture.  In  fact,  It  follows 

from  the  low  mean  density  of  the  planet  and  the  almost 
certain  central  condensation  that  its  exterior  parts,  to  a 
depth  of  many  thousands  of  miles,  must  have  a  very  low 
density  ;  and  it  is  improbable  that  anything  which  is  visible 
from  the  earth  approaches  the  solid  state. 

Dark  spots  often  appear  on  Jupiter,  especially  in  the  north- 
em  licmis|)liere,  which  gradually  turn  red  and  finally  van- 
ish. The  most  remarkable  and  permanent  spot  so  far  known 
appeareil  in  1S78  just  beneath  the  southern  red  belt.  When 
first  discovered  it  was  a  pinkish  ova!  about  7000  miles  across 
in  the  direction  perpendicular  to  the  equator,  and  about 
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30,000  miles  long  parallel  to  the  equator.  In  a  year  it  had 
changed  to  a  bright  red  color  and  was  by  far  the  most  con- 
spicuou.s  object  on  the  planet,  It  ha-s  since  then  been  known 
as  "  the  great  red  spot,"  but  it  ha.s  undergone  many  changes, 
both  in  color  and  brightness.  At  the  present  time  it  has 
become  rather  inconspicuous,  and  the  material  of  which  it  is 


Fio.   113.  —  Phot«graph»  of  Jiipitor  (E.  C  Sliptier,  Lowell  Obnervatory). 

composed  seems  to  be  sinking  back  beneath  the  vapors  which 
surround  the  planet. 

A  very  remarkable  thing  in  connection  with  the  red  spot 
was  that  its  period  of  rotation  increased  7  seconds  the  first 
eight  yeai-s  following  its  discovery,  but  it  has  remained  essen- 
tially constant  since  that  time.  Possibly  the  increa.se  in 
period  of  rotation  of  the  red  spot,  which  was  somewhat 
longer  than  that  of  the  surrounding  material  which  continu- 
ally flowed  by  it,  was  due  to  its  being  elevated  so  that  its 
distance  from  the  axis  of  rotation  of  the  planet  was  increased. 
Under  these  conditions  the  rate  of  rotation  would  be  reduced 
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in  harmony  with  the  principle  of  the  conservation  of  moment 
of  momentum  (Art.  45).  At  any  rate,  changes  in  rotation 
are  always  accompanied  by  considerable  changes  in  color 
and  visibility  of  the  parts  aFfected. 

180.  The  Physical  Condition  and  Seasonal  Changes  of 
Jupiter.  —  In  fcmsidiTitiR  tlic  phy.'^iciil  condiliiiii  of  Jupiter 
it  should  be  reineinbcrcil  thut  i)  has  the  low  avt'rago  density 

of  1.25  on  the  water 
stiHidard,  that  itsstirface 
iiiaikings  are  not  perma- 
nent, and  that  there  are 
violent  relative  motions 
of  its  visible  parts.  All 
these  things  indicate  that 
Jupiter  is  largely  gaseous 
near  its  surface. 

The  surface  gravity  of 
Jupiter  is  2.52  limes  that 
of   the  earth,   and    this 
produces  great  pressures 
in     its     atmosphere    at 
moderate  depths.    These 
pressures    are  sustained 
by  the  expansive  tenden- 
cies of  the  interior  ga.ses 
which  may  be  composed 
of     light     elements,    or 
which    may   have    high 
temperatures.      It     has 
sometimes  been  suppo.sed  t  hat  the  surf.ace  of  Jupiter  is  very 
hot  and  that  it  is  self-luminous,  but  such  cannot  be  the  case, 
for  the  shadows  cast    on   the  planet  by  the   satellites   are 
perfectly  black,  and  when  a  satellite  pa.sses  into  the  shadow 
of  Jupiter  it  becomes  absolutely  invisible. 

In  conclusion,  we  shall  probably  not  be  far  from  the 
truth  if  we  infer  that  Jupiter  is  still  in  an  early  stage  of  its 
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evolution,  rather  than  far  advanced  like  the  terrestrial 
planets,  that  it  contains  enormous  volumes  of  Rases  which 
are  in  rapid  circulation  both  along  and  perpendicular  to  its 
surface,  and  that  possibly  the  energy  of  its  internal  fires 
gives  rise  to  violent  motions. 

The  eccentricity  of  Jupiter's  orbit  is  verj-  small  and  the 
plane  of  its  equator  is  inclined  only  3''o'  to  the  plane  of  its 
orbit.  The  factors  which  produce  seasonal  changes  are, 
therefore,  unimportant  in  the  case  of  this  planet.  Its  dis- 
tance from  the  sun  is  so  great  that  it  receives  per  unit  area 
only  jV  as  much  light  and  heat  as  is  received  by  the  earth ; 
and,  coasequently,  its  surface  must  be  cold  unless  it  is 
wanned  by  internal  heat. 

IV.  Saturn 

181.  Saturn's  Satellite  System.  —  Saturn,  like  Jupiter, 
has  9  satellites.  The  larg&st  one  was  discovered  by  Huyghens 
in  1655,  then  four  more  were  found  l)y  J.  D.  Cassini  between 
1671  and  1684,  two  by  William  Herschel  in  1789,  one  by 
IG.  P.  Bond  and  Lassell  in  1848,  and  the  ninth  by  W.  H. 
Pickering  in  1S99.  Pickering  suspected  the  existence  of 
a  tenth  in  19tJ5,  but  the  supposed. discovery  has  not  been 
confirmed. 

Saturn  is  so  remote  that  the  dimension.s  of  its  satellites  are 
only  roughly  known  from  their  apparent  brightness.  All 
their  mas.ses  are  unknown  except  that  of  Titan,  which,  from 
its  perturbation  of  its  neighboring  satellite  Hyperion,  was 
found  by  Hill  to  be  ^^Vr  t'lat  of  Saturn.  The  7  satclUtes 
which  are  nearest  to  Saturn  revolve  sensibly  in  the  plane 
of  its  equator,  while  the  orbit  of  the  eighth,  Japetus,  is 
inclined  alxjut  10°,  and  that  of  the  ninth  about  20°. 

Wlien  the  eighth  satellite,  Japetus,  is  on  the  western  side 
of  Saturn  it  always  appears  con.siderably  brighter  than  when 
it  is  on  the  eastern  side.  This  difference  in  brightness  is 
undoubtedly  due  to  the  fact  that  this  satellite,  like  the  moon, 
always  has  the  same  side  toward  the  planet  around  which 
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it  revolves,  and  that  its  two  sides  reflect  light  very  unequally. 
Similar,  but  less  marked,  phenomena  have  been  observed  by 
Lowell  and  E.  C.  Slipher  in  connection  with  the  first  two 
satellites,  and  the  explanation  is  the  same  as  in  the  case  of 
Japetus. 

Table  Ylll  gives  the  list  of  Saturn's  satellites,  together 
with  their  mean  distances  from  its  center,  their  periods,  and 
their  approximate  diameters.  It  will  be  observed  that  an 
enormous  gaji  separates  the  first  eight  from  the  ninth. 

Figure  115  pves  to  scale  the  orbits  of  Saturn's  satellites, 
with  the  exception  of  the  ninth,  which  is  too  remote  to  be 
shown.  The  eight  satellites  revolve  around  Saturn  from 
west  to  east,  the  direction  in  which  it  rotates,  but  the  ninth, 
like  the  eighth  and  ninth  satellites  of  Jupiter,  revolves  in 
the  retrograde  direction.  This  satellite  was  the  first  object 
discoveretl  in  the  solar  system  having  retrograde  motion, 
and  it  aroused  great  interest.  These  retrograde  revolutions 
have  a  fundamental  bearing  on  the  question  of  the  origin 
of  the  satellite  systems, 

Table  VIII 


DimNcc  raoH 

Satellitb 

ccntem  of 
Satdbh 

RivouonoN 

DiAinTBa 

I  (Mimas) 

117,0(X)nii. 

Od.  22h.  37m. 

about     600  mi. 

IT  (Encolttdus) 

r.5".00()  mi. 

1      8    53 

about     800  mi. 

III  (Tothys) 

IWJ.lKHt  mi. 

1    21     18 

about   1200  mi. 

IV  (Dione)  .     . 

238.(KXJ  mi. 

2    17    41 

about    1100  mi. 

V  (Rhei)    .     . 

332,(XMJ  mi. 

4    12    2.5 

about    1500  mi. 

VI  (Titan)  .     . 

771.0(X)  mi. 

13    22    41 

about  3000  mi. 

VII   (Hyporion) 

934,Of)0  mi. 

21      6    39 

about     500  mi. 

VIII   (Japetus)    . 

2,225,000  mi. 

79      7    54 

about  2000  mi. 

IX  (Phoebe)      . 

T.Qfle.OOO  mi. 

54ti    12      0 

about     200  mi. 

The  question  may  be  asked  why  the  remote  satellites  of 
both  Jupit-er  and  Saturn  revolve  in  the  retrograde  direction. 
This  question  cannot   be  answered   with   certainty  at  the 
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preeent  time.  But  it  is  certain  that  the  farther  a  satellite 
is  from  a  planet,  the  less  securely  is  it  held  under  the  gravita- 
tive  control  of  its  primary ;  and  there  is  a  distance  beyond 
which  a  satellite  cannot  permanently  revolve  because  it 
would      abandon  „ 

the      planet     in  

obedience  to  the 
greater  attraction 
of  the  sun.  A 
mathematical  dis- 
cu.ssion  of  the 
problem  shows 
that,  at  a  pven 
distance  from  a 
planet,  motion  in 
the  retrograde  di- 
rection is  much 
more  stable  than 
in  the  forward 
direction;  and 
con.xequently,  out 
near  the  region 
where  instability  l>egin.«,  it  would  he  expect^  that  only 
retrograde  satelUtes  would  he  found.  The  orbit  of  the  ninth 
satelUte  of  Saturn  is  in  the  rei^on  of  stability  even  for  direct 
motion ;  but  Jupiter's  eight  h  and  ninth  satellites  would 
both  have  unstable  orbits  if  they  revolve<t  in  the  forward 
direction  at  the  same  distances  from  Jupiter. 

182.  Saturn's  Ring  System.  —  Saturn  is  di.stinguished  from 
all  the  other  planets  by  three  wide,  thin  rings  which  extend 
around  it  in  the  plane  of  its  equator.  They  were  first  seen 
by  Galileo  in  1610,  but  their  true  character  was  not  known 
until  the  observations  of  Huyghens  in  16.55.  The  dimensions 
of  Saturn  and  its  ring  system  according  to  the  extensive 
measurements  of  Barnard  are  given  in  Table  IX. 


Fto.  lis.  —  Orbit  of  Ssturn's  aat^llitea. 
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Table  IX 


Equuloriftl  radius  of  Saturn 

.  38,235  miles 

Ceutor  of  Satuni  to  inner  edge  of  crape  ring 

.  44,100  mUes 

Center  of  Saturn  to  inner  edge  of  bright  ring 

.  .^.^OOO  miles 

Center  of  Saturn  to  outer  inlge  of  liright  ring 

.  73,000  miles 

Center  of  Saturn  to  inner  edge  of  outer  ring 

.  7.5.240  miles 

Center  of  Saturn  to  outer  edge  of  outer  ring 

.  86,300  miles 

The  distance  from  the  surface  of  Saturn  to  the  inner  edge 
of  the  thin,  faint  ring,  known  as  "  the  crape  ring,"  is  nearlj' 
6(XK)  miles.  The  width  of  the  crape  ring  is  about  11.000 
miles.  Outside  of  the  rriijK'  ring  is  the  main  Ijright  ring, 
whose  w  llli  i^  almiit  18.000  miles.     Its  brightness  increases 


Fig.  1 16.  —  Sntum  with  rings  tilted  at  greatest  ntigle  (drawing  by  Barnnni). 


from  its  junction  with  the  crape  ring  outward  nearly  to  its 
outer  margin.  At  it.s  brighte.st  place  it  is  as  luminous  as  the 
planet  itself.  Beyond  the  main  bright  ring  there  is  a  dark 
g!ip  tihout  22(M)  mill's  across.  It  is  knowTi  ns  "  Cassini's 
Division  "  because  it  wa-s  first  observed  by  Cassini.  Outside 
of  this  dark  space  is  the  outer  bright  ring  with  a  width  of 
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about   11,000  milpfs.     Thr  distance  across  the  whole  ring 
system  from  one  siile  to  the  otkier  is  about  172,600  miles. 

The  rings  of  Saturn  are  inehnwl  aliout  27°  to  the  plane  of 
the  planet's  orbit  and  about  28"  to  the  plane  of  the  ecliptic. 
Consequently,  they  are  observed  from  the  earth  at  a  great 
variety  of  angles.  When  their  inclination  is  high,  Saturn 
and  its  ring  system  {)res4'iit  through  a  good  telescope  one  of 
the  finest  sights  in  the  heavens,  as  is  e\'i(lent  from    Figs. 


Ki.i   11? 


Saturn.      hhi)linirnphi<i  .Wit.  10,  1911,  irilh  the  (iO-iiirh  /<7f,«fo;jc 
of  Oif  Motifit  \y lUoii  Solar  Ohfcrvatnry. 


116  and  117.  When  their  plane  passes  through  the  earth, 
tliey  api)ear  to  be  a  verj'  thin  line  and  even  entirely  disap- 
pear from  view  for  a  few  hours,  a.s  Barnard  found  when 
observing  them  with  the  great  40-inch  telescope  in  1907. 
It  follows  that  the  rings  must  be  verj-  thin,  their  thickness 
probably  not  excee<ling  hO  miles.  When  the  rings  were  nearly 
edgewise  to  the  earth,  Bartiard  could  see  them  faintly;  but 
the  places  which  are  entirety  viu-unt  when  they  are  highly 
inclined  to  the  earth,  were  found  to  be  brighter  than  the  places 
where  the  rinp  are  really  brilliant  (Fig.   118).     Barnard 
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made  the  suggestion  that  this  appearance  is  due  to  the  fact 
that  light  shining  from  the  sun  through  the  open  regions  is 
reflected  back  from  the  interior  edges  of  the  denser  parts  of 
the  rings. 

183.  The  Constitution  of  Saturn's  Rings.  —  The  bright 
rings  of  Saturn  have  the  same  appearance  of  .solidity  and 
continuity  as  the  planet  itself.  It  was  generally  beUeved 
until  about  a  century  ago  that  they  were  soUd  or  fluid.  Yet 
since  1715,  when  J.  Cassini  first  mentioned  the  possibility, 
it  has  frequently  been  suggest etl  thnt  the  rings  may  be  simply 


Kiii.    U.S.  —  RiriKj  <if  .Suti- 


li.v  Harriiird). 


swarms  of  meteors,  or  exceedingly  minute  satellites,  revolv- 
ing around  the  planet  in  the  plane  of  its  equator.  Such 
small  ln)dips  woulfl  exert  only  negligible  gravitational  influ- 
ences upon  one  another,  and  their  orbits  would  be  sensibly 
independent  of  one  another  except  for  colUsions. 

The  meteoric  tlieoiT  of  the  constitution  of  Saturn's  rings 
was  first  rendered  probable  by  Laplace,  who  showed  that 
a  sjTnmetrical,  solid  ring  would  be  dynamically  unstable. 
That  is,  solifl  rings  would  be  something  like  spans  of  enormous 
bridges,  whose  ends  do  not  rest  upon  the  planet  but  upon 
other  portions  of  the  rings.  They  would  have  to  be  com- 
posed of  inconceivably  strong  material  to  withstand  the 
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strains  due  to  their  motion  and  the  gravitational  forces  to 
which  they  would  be  subjected.  In  1857,  Clerk-Maxwell 
proved  from  dynamical  considerations  that  the  rings  could 
beneither  solid  nor  Huid,  and  that  they  were,  therefore,  com- 
posed of  small  independent  particles.  Now,  if  they  are 
meteoric,  those  parts  which  are  nearest  the  planet  must 
move  fastest,  just  as  those  planets  which  are  nearest  the  sun 
move  fastest ;  while,  if  they  are  solid,  the  opposite  must  he 
the  case.  In  1895,  Keeler  showed  by  ltneH>f-sight  obser-^ 
vationswith  the  spectroscope  (Art.  22(3)  tliat  the  inner  parts 
not  only  move  fastest,  but  that  all  parts  move  precisely 
as  they  would  move  if  they  were  made  up  uf  tdtally  tliscon- 
nected  particles,  the  innermost  particles  of  the  crape  ring 
performing  their  revolution  in  aliout  5  iiours,  while  the  outer- 
most particles  of  the  outer  bright  ring  icquire  137  hours  to 
complete  a  revolution.  Moreover,  Barnard  lounfl  that  they 
do  not  cast  perfectly  black  shadows,  for  he  saw  Japetus 
faintly  illuminated  by  the  rays  of  the  sun  which  filtered 
through  the  ring.  Hence  it  may  be  consideieil  as  firmly 
established  that  the  rings  of  Saturn  are  swarms  of  meteors. 

Rings  are  strange  substitutes  for  satellites,  but  a  prol>- 
able  explanation  of  their  existence  in  place  of  satellites  is  at 
hand.  A  planet  exerts  tidal  strains  upon  satellites  in  its 
Nicinity,  and  the.se  tendencies  to  rupture  increase  very 
rapidly  as  the  distance  of  the  satelUte  decreases.  In  1848, 
Roche  proved  that,  these  tidal  forces  would  break  up  a  fluid 
satellite  of  the  same  density  as  the  i>lanet  around  which  it 
revolved  if  its  distance  were  less  than  2.44  . . .  radii  of 
the  planet.  The  limit  would  be  less  for  denser  satellites, 
and  a  little  less  for  solid  satellites,  but  not  much  less  if  they 
were  of  large  dimensions.  It  is  seen  from  the  numbers 
in  Table  IX,  or  from  Fig.  116,  that  the  rings  are  within  this 
limit.  It  is  not  supposeti  that  they  are  the  pulverized 
remains  of  satellites  that  ever  ilid  actually  exist,  but  rather 
that  the  material  of  which  they  are  composed  is  subject 
to  such  forces  that  the  mutual  gravitation  of  the  separate 
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particles  can  never  draw  them  together  into  a  single  body. 
If  they  should  unite  into  a  satellite,  it  would  probably  be 
small,  fur  they  are  not  ma,ssive  enough  to  have  protluced 
by  their  attraction  any  disturbance  of  the  motioas  of  tlie 
satelhtes  wliich  can  so  far  be  observed. 

One  more  interesting  thing  remains  to  be  mentioned.  If 
a  meteor  were  to  revolve  in  the  vacant  space  between  the 
rings  known  as  Cassini's  division,  its  period  would  be  nearly 
comniciisurable  with  the  periods  of  four  of  the  satellites, 
and  wouUi  be  one  half  that  of  Mimas.  Kirkwood  called 
attention  to  this  relation,  which  is  entirely  analogous  to  that 
found  in  the  ca.se  of  the  planetoids  (Art.  160).  Encke  and 
other  a.stronomers  have  susp<?ct«l  that  there  is  a  narrow 
division  between  the  crape  ring  and  the  inner  edge  of  the 
bright  ring,  where  llie  period  of  a  revolving  meteor  would 
be  one  third  tluit  of  Mimas.  More  recently  Lowell  has  been 
convinced  by  his  observations  at  Flagstaff  of  the  existence 
of  several  other  very  narrow  divisions  at  places  where  the 
periods  of  revolving  particles  woul<l  be  siin|)ly  commensur- 
able with  the  periods  of  Mimas  or  EnccJadus.  But  in  order 
to  secure  perfect  commensurability  he  was  Icfl  to  the  con- 
clusion that  Saturn  is  comijoswl  of  layers  of  different  den- 
sities, and  that  the  inner  ones  are  more  oblate,  and,  there- 
fore, rotate  faster,  tluin  the  outer  ones. 

184.  On  the  Permanency  of  Saturn's  Rings.  —  The  ques- 
tion at  once  arises  whether  the  meteoric  constitution  of  the 
rings,  in  which  there  is  abundant  opportunity  for  collisions, 
is  a  permanent  one.  The  fact  that  the  rings  e.xist  and  are 
separated  from  the  planet  by  a  number  of  thousands  of 
miles,  while  beyond  them  there  are  9  satellites,  indicates 
that  they  are  not  transitory  in  character.  The  only  cir- 
cumstance that  distinguishes  them  dynamically  from  the 
satellites  is  the  possibility  of  their  collisions.  If  a  collision 
occurre<l.  at  least  some  heat  would  be  generated  at  the 
e.xpen.se  of  their  energy  of  motion.  When  the  revolutionary 
energy  of  a  body  is  decreased,  its  orbit  diminishes  in  size. 
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Therefore,  when  two  of  the  small  bodies  of  which  Saturn's 
ring  is  composed  collide,  the  orbit  of  at  least  one  of  them 
must  l)e  diminished  in  size.  These  collisions  with  the  iiccom- 
panjing  degradation  of  energj'  arc  probably  taking  place  at 
a  very  slow  rate.  If  so,  the  rings  of  Saturn  are  slowly  shrink- 
ing dowTfi  on  the  planet.  It  may  be  that  the  crape  ring  is 
the  result  of  particles  whose  orbits  have  been  rtHiuced  from 
the  larger  dimensions  of  the  bright  ring  by  collisions  with 
other  particles. 

185.  The  Surface  Markings  and  the  Rotation  of  Saturn.  — 
The  surface  markings  of  Saturn  are  much  like  those  of 
Jupiter,  though,  of  course,  thry  are  not  seen  so  well  because 
of  the  great  distance  of  this  planet.  There  arc  a  bright 
equatorial  belt  and  a  number  of  darker  and  broader  belts  in 
the  higher  latitudes,  though  they  are  less  coaspicuous  than 
the  belts  on  Jupiter. 

It  has  been  rather  difficult  for  observers  to  find  spots  on 
Saturn  conspicuous  and  lasting  enough  to  enable  them  to 
determine  the  period  of  its  rotation.  From  observations 
made  in  1794  Herschel  concluded  that  its  period  of  rotation 
is  10  hrs.  and  16  m. ;  Hall's  observation  of  n  bright  equatorial 
spot  in  1876  gave  for  this  spot  a  period  of  10  hrs.  and  14  m. 
This  was  generally  adopted  as  the  period  of  Saturn's  rotation, 
particularly  after  it  had  been  verified  by  a  number  of  other 
observers.  But,  in  190.5,  Barnard  discoverinl  some  bright 
spots  in  northern  latitudes,  and  his  observations  of  them, 
together  with  those  of  several  other  astronomers,  showed 
that  the.se  spots  were  pa,ssing  around  Saturn  in  10  hi-s.  and 
38  m.  This  difference  in  period  means  that  there  is  a  relative 
drift  between  the  material  of  Saturn's  equatorial  belt  and 
that  of  its  higher  latitudes  of  800  or  900  miles  per  hour. 

In  sharp  contrast  to  the  planet  Jupiter,  the  plane  of  the 
equator  of  Saturn  is  inclined  to  the  plane  of  its  orbit  by  an 
angle  of  27".  Tiiis  is  a  .still  higher  inclination  than  those 
found  in  the  case  of  the  earth  and  Mars,  and  would  hardly 
be  expected  in  so  large  a  planet  as  Saturn  after  finding  that 
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the  axis  of  Jupiter  is  almost  exactly  perpendicular  to  the 
plane  of  its  orljit. 

186.  The  Physical  Condition  and  Seasonal  Changes  of 
Saturn.  —  The  density  of  Saturn  is  about  0.63  on  the  water 
standard.  Consequently,  it  must  be  largely  in  a  gaseous 
condition.  Probably  no  considerable  portion  of  it  is  purely 
gaseous,  for  it  seems  more  likely,  in  view  of  the  fact  that  it 
is  opaque,  that  the  ga.«cs  <if  \vl>ich  it  is  composed  are  filled 
with  minute  liquid  pat  tides,  just  as  our  own  atmosphere 
becomes  chargp<l  with  Rhtbules  of  water,  forming  clouds. 

The  remarkable  relative  motions  of  the  different  parts  of 
the  surface  of  Saturn  show  that  it  is  at  least  in  a  fluid  state 
and  that  it  is  a  place  of  the  wildest  turmoil.  Doubtless  it  is 
a  world  whose  evolutioti  lias  not  yet  sufficiently  advanced  to 
give  it  any  pemianent  markings,  much  leas  to  fit  it  as  a  place 
in  any  way  suitable  for  the  abode  of  even  the  lowest  forms  of 
life. 

The  high  inclination  of  the  plane  of  Saturn's  equator  to 
that  of  its  orbit  gives  it  marked  seasonal  changes.  More- 
over, its  orbit  is  rather  more  eccentric  than  the  orbits  of 
the  other  large  planets.  But  it  is  so  far  from  the  sun  that 
it  receives  only  j^g  as  much  light  and  heat  per  unit  area  as 
the  earth  receives ;  and  it  follows  that  its  surface  is  very  cold 
unless  it  has  an  atmosphere  of  remarkable  properties,  or  unless 
a  large  amount  of  heat  is  conveyed  to  it  from  a  hot  interior. 

A  consequence  of  the  rapid  rate  of  rotation  and  low  den- 
sity of  Saturn  is  that  it  is  very  oblate.  The  difference  be- 
tween its  equatorial  and  polar  diameters  is  nearly  6700  miles, 
or  about  10  per  cent  of  its  whole  diameter.  Its  oblateness 
is  so  great  that  it  is  conspicuous  even  through  a  telescope  of 
6  inches'  aperture. 

V.  Uranus  and  NEPn^Nii 

187.  The  Satellite  Systems  of  Uranus  and  Neptune.  — 
^IJranus  has  four  known  satellites,  two  of  which  were  dis- 

jvcred  by  Wilham  Herschel,  in  1787,  and  the  other  two 
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by  Lassell,  in  1851.  Tlieir  distances  are  respectively  120,000, 
167,000,  273,000  ami  365,000  iiiilos,  and  their  periods  of 
revolution  are  respectively  2.5,  4.1,  8.7,  and  13.5  days. 
Their  diameters  probably  range  between  500  and  1000 
miles.  They  ail  move  sensibly  in  the  same  plane,  but  this 
plane  is  inchned  about  98°  to  tlie  plane  of  the  planet's 
orbit ;  that  is,  if  the  plane  of  the  orbits  of  the  satellites  is 
thought  of  as  having  been  turned  up  from  that  of  the  planet's 
orbit,  the  rotation  has  been  continued  8°  beyonti  perpendicu- 
larity, and  the  Batellites  revolve  in  the  retrograde  direction. 

Neptune  has  one  known  satellite  which  was  discovered 
by  Lassell,  in  1846.  It  revolves  at  a  distance  of  221,500 
miles  in  a  period  of  5  days  21  hours.  Its  diameter  is  probably 
about  2000  miles.  The  plane  of  its  orbit  is  inclined  about 
145°  to  that  of  the  planet's  orbit;  that  is,  the  inclination 
between  the  two  planes  is  about  35°  and  the  satellite  revolves 
in  the  retrograde  tlirection. 

168.   Atmospheres  and  Albedoes  of  Uranus  and  Neptune. 

—  Very  little  is  known  directly  respecting  the  atmospheres 
of  Uranus  and  Neptune.  Their  low  mean  densities  imply 
that  their  e.xteriur  parts  are  largely  in  the  ga.seous  state. 
As  confirmatory  of  this  conelusion,  the  spectroscope  shows 
that  the  light  vvliich  we  receive  from  them  must  have  passed 
through  an  extensive  absorbing  medium  in  addition  to  the 
sun's  atmosphere  and  that  of  the  earth,  through  which  the 
Hght  from  all  planets  passes.  The  absorliing  effects  of  the 
element  hydrogen  unii  water  vapor  are  shown  in  the  spectra 
of  both  planets,  but,  according  to  the  recent  results  of  Slipher, 
more  strongly  in  the  case  of  Neptune  than  in  that  of  X'raims. 
A  number  of  the  other  absorption  bands  are  due  to  unknown 
substances. 

The  albedo  of  Uranus  is  0.63,  and  that  of  Neptune,  0.73. 
189.   The  Periods  of  Rotation  of  Uranus  and  Neptune. 

—  Surface  markings  have  been  seen  on  Uranus  by  BufTham, 
Young,  the  Andre  brothers,  Perrotin,  Holden,  Keeler,  and 
other  observers,  but  they  have  been  so  indefinite  and  fleeting 
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that  it  has  not  been  possible  to  draw  any  certain  conclusions 
from  thpni.  Nevertheless,  so  far  as  they  go,  they  indicate 
that  the  period  of  rotation  of  Uranus  is  10  or  12  hours,  and 
that  the  plane  of  its  equator  is  inclined  something  like  10°  to 
30°  to  tlie  plane  of  the  orbits  of  the  satellites.  In  1894, 
Barnard  detecteil  a  slight  Hatteuing  of  the  disk,  with  the 
equatorial  diameter  inclined  28°  to  the  plane  of  the  orbits 
of  the  satellites.  Finally,  in  1012,  V.  M.  Sltplier.  at  the 
Lowell  Observatoiy,  found  by  spectroscopic  means  that 
Uranus  rotates  in  the  direction  of  revolution  of  its  satel- 
litei*  in  a  period  of  10  hrs.  50  m.  This  result  is  entitled  to 
considerable  confidence. 

No  certain  markings  have  been  seen  on  Neptune,  and, 
consequently,  its  rate  of  rotation  has  not  been  found  by 
direct  means.  But  by  indirect  processes  both  the  position 
of  the  plane  of  its  equator  and  its  rate  of  rotation  have 
been  found,  at  least  appruximately.  The  dimensions  and 
mass  of  Neptune  are  known  with  considerable  accuracy. 
Now,  if  the  rate  of  rotation  were  known,  the  equatorial 
bulging  could  be  coiiipnted.  Suppose  the  plane  of  the  orbit 
of  the  satellite  were  inclined  to  that  of  the  planet's  equator. 
Then  the  equatorial  bulge  would  perturb  the  motion  of  the 
satellite ;  in  particular,  it  would  cause  a  revolution  of  it's 
nodes,  and  (he  rate  could  be  computed. 

The  problem  of  determining  the  rate  of  rotation  of  Nep- 
tune is  abt)ut  the  converse  of  that  which  has  just  been 
descrilied.  The  nodes  of  the  orbit  of  its  satellite  revolve, 
and  the  manner  of  their  motion  shows  the  existence  of  a 
certain  equatorial  ludge  ini'line<l  about  20°  to  the  plane  of 
the  satellite's  orbit.  The  bulging,  or  ellipticity,  of  the 
planet  is  ^,  indicating,  according  to  the  work  of  Tisserand 
and  Newcomb,  a  rather  slow  rotation  as  compared  to  the 
rates  of  rotation  of  Jupiter  and  Saturn. 

190.  Physical  Condition  of  Uranus  and  Neptune.  —  We 
can  infer  the  physical  conditions  of  Uranus  and  Neptune  only 
from  that  of  other  planets  which  are  more  favorably  situated 
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for  observation.  They  are  probably  in  iiiuuh  the  same  state 
as  Jupiter  and  Saturn,  though,  possibly,  somewhat  further 
advanced  in  their  evohition  because  of  their  smaller  flimen- 
sions.  One  thing  to  be  noticed  is  that  they  receive  irla- 
tively  little  light  and  heat  from  the  sun.  The  amounts  per 
unit  are4i  are  about  j^j  and  ^^j  that  received  liy  the  earth. 
If  their  capacity  for  absorbing  and  radiating  heat  were  the 
same  as  that  of  the  earth,  their  temperatures  (Art.  172)  would 
berespectively  about —340°  and  —364°  Fahrenheit.  Never- 
theless, it  must  not  be  imagined  that  even  Neptune  would 
receive  only  feeble  illumination  from  the  sun.  Although 
the  sun,  as  seen  from  that  vast  fli-stancc,  would  subtend  a 
smaller  angle  than  Venus  does  (o  us  when  nearest  the  earth, 
the  noonday  illumination  would  be  equal  to  700  times  our 
brightest  moonlight. 


XIII.   QUESTIONS 

1.  Find  by  the  method  of  Art.  172  what  the  mean  temperatures 
«rf  the  earth  would  bo  at  the  distanoes  of  Mercury  and  Venus. 

2.  If  the  earth  always  presented  the  sumo  faoo  toward  the  sun, 
and  if  there  were  no  distribution  of  heat  by  the  atmosphere,  what 
would  bo  the  meian  leinporaturu  of  its  illuminated  side?  What 
would  be  the  result  if  the  earth  were  at  the  distance  of  Venus  from 
the  sun  ? 

3.  If  the  mean  temperature  of  tlie  equatorial  zoiu'  of  the  earth 
is  8.5°,  and  if  it  receives,  per  unit  area,  2..5  times  a.s  much  heat  as  the 
polar  regions,  what  is  the  mean  temperature  of  the  polar  regions, 
neglecting  the  transfer  of  heat  by  the  atmo.sphere? 

4.  What  would  be  the  mean  temperature  of  the  equatorial 
«one  of  the  earth  at  the  nutan  distance  of  Mars? 

5.  Suppose  the  mean  lomporaturo  of  the  Thibetan  plateau  at  a 
height  of  1.5.000  feet  above  sea  level  is  40°;  what  would  it  be  if 
the  earth  were  at  the  disl^ince  of  Mars  frtjni  the  sun? 

6.  Suppose  the  atmosphere  which  a  planet  ean  hold  is  projmr- 
tional  to  it«  surface  gravity;  how  does  the  atmosphere  of  Mars 
compare  with  that  of  the  earth  at  an  altitude  of  15,000  feet  above 

_•«,  level  ? 

7.  Waiving  the  temperature  difficulties  in  the  hypothesis  re- 
garding the  habitability  of  Mars,  what  reasonable  explanation  can 
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you  give  for  the  fact  that  the  canals  are  always  along  the  arcs  of 
great  circles? 

8.  Try  the  experiment  of  Maunder  and  Evans. 

9.  What  would  be  the  total  area  of  400  canals  having  an  aver- 
age width  of  20  miles  and  an  average  length  of  300  miles  ?  Suppose 
to  irrigate  this  area  for  a  season  a  foot  of  water  is  required ;  how 
mucii  would  this  water  weigh  on  the  earth?  On  Mars?  Suppose 
a  fall  of  four  feet  per  mile  is  required  to  get  a  flow  in  the  canals  at 
the  necessary  rate ;  suppose  it  is  necessary  to  pump  the  water  out 
of  the  "marshes"  to  a  higher  level  to  get  the  fall;  suppose  the 
pumps  work  10  hours  a  day  for  300  days;  how  many  horsepower 
of  work  must  they  deliver  ? 
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I.  Comets 

191.  General  Appearance  of  Comets,  —  The  planets  are 
chiiracterized  hy  tlie  iiivarinbility  of  their  fomi,  the  sim- 
plicity of  their  iiiotimis,  iind  tiifir  jjeneni!  similarity  to  one 
another.  In  strong  contrast  to  these  relatively  stable  bodies 
an?  the  comets,  whose  bizarre  appearance,  complex  motions, 
and  leinjiorarj'  visibility  have  led  astronomers  to  devote  to 
them  a  great  amount  of  attention.  Until  the  last  two  cen- 
turies they  were  objects  of  superstitious  terror  which  were 
suppowd  to  portend  (alamilies.  .-^t  least  so  far  as  their 
motions  are  concerneil,  they  are  now  known  to  be  as  lawful 
as  the  other  members  of  the  solar  system. 

The  typical  coinet  is  cfiiiijjosed  of  a  head,  or  coma,  a 
brighter  nucleus  within  the  head  which  is  often  starlike  in 
appearance,  and  a  tail  streaming  out  in  the  direction  oppo- 
site to  the  sun.  The  n]iparen1  size  of  the  heafi  may  be  any- 
where from  almost  starlikc  smalhiess  to  the  angular  liimen- 
sions  of  the  sim.  The  mideiis  is  usually  very  small  and 
bright,  but  the  tail  often  extends  many  degrees  from  the 
head  before  it  gradually  fades  out  into  the  darkness  of  the 
sky.  The  head  is  the  most  distinctive  part  of  the  comet,  for 
it  is  always  present  and  looks  nuich  like  a  circular  nebula. 
Either  the  nucleus  or  (ail,  or  both,  may  be  absent,  especially 
if  the  comet  is  a  smail  one.  Comets  vary  in  brightness  from 
those  which  are  so  faint  that  they  are  barely  visible  through 
large  telescopes  to  those  which  are  so  bright  that  they  may 
be  observed  in  full  daylight,  even  when  almost  in  the  direc- 
tion of  the  sun.     In  spite  of  their  being  sometimes  very 
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right,  they  arc  so  nearly  transparent  that  faint  stars  are 

isible    through    them    without    the    shghtest    appreciable 

iminution  of  their  light. 

There  are  records  of  about  400  comets  haAnng  been  seen 
before  the  invention  of  the  tek-soope,  in  1609,  ami  more 
than  the  same  number  have  been  observeti  since  that  date. 

strouomers  now  keep  a  close  watch  of  the  sky,  and  only 

er>-  faint  ones  can  escape  their  notice.  From  3  to  10  are 
found  yearly.  They  are  lettered  for  each  year  a,  b,  c,  .  .  . 
in  the  order  of  their  diseoverj',  and  arc  numbered  I,  11,  III, 
.  .  .  in  the  order  that  they  pass  their  perihelia.     Besides 

his,  they  arc  generally  named  after  their  discoverers. 

192.  The  Orbits  of  Comets.  —  In  ancient  times  it  was 
supposed  that  comets  were  malevolent  \asitors  jirowling 
through  the  earth's  utmos]>hcre,  bent  on  mischief.     Kepler 

upposed  they  moved  in  straight  iiiii's,  but  Doerfel  showed 
that  the  comet  of  1681  move<l  in  a  parabola  around  the  sun 
BS  a  focus.     In  1686  Newton  invented  a  graphical  method 

if  computing  comets'  orbits  from  three  or  more  observations 
of  their  apparent  jOTsitions.  Better  metht)ds  have  been 
devised  by  Lambert,  Laj)lace,  Gauss,  and  later  astronomers, 
and  now  there  is  usually  no  difficulty  in  determining  the 
jdements  of  an  orbit  from  thrive  complete  observations  which 
are  separated  by  a  few  days. 

The  orbits  of  about  400  comets  have  been  computed, 

,nd  as  nearly  as  can  be  determined  from  Hie  imperfect  obser- 

ations  on  which  the  compulations  of  maiiy  of  them  are 
phased,  the  orbits  of  about  300  of  them  are  essentially  para- 
ilic.  In  fact,  they  are  so  generally  parabolic,  or,  at  least, 
extremely  elongated,  that  it  has  been  customary  in  the  ])re- 
liminary  computations  to  assume  they  are  parabolas.  Of 
the  remaining  cometary  orbits,  nearly  100  have  been  shown 
to  be  distinctly  elli[)tical  in  shape. 

A  conic  section  is  an  ellipse  if  its  eccentricity  is  less  than 
unity,  a  parabola  if  its  eccentricity  equals  unity,  and  an 
hyperbola  if  its  eccentricity  exceeds  unity.     Since  a  body 
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nio\ang  subject  to  gravitation  may  describe  any  one  of  these 
three  classes  of  orbits,  and  since  the  eccentricity  of  a  parab- 
ola is  the  Huiiting  case  between  that  of  an  ellipse  and  that 
of  an  hyperbola,  it  is  infinitely  improbable  that  the  orbit  of 
any  comet  is  exactly  parabolic. 

It  is  impoitant  to  tletenuine  wiiether  the  eccentricities 
of  the  orbits  of  comets  are  slightly  less  than  unity  or  slightly 
greater  than  unity.  In  the  former  case  comets  are  jier- 
manent  members  of  the  solar  system  ;  in  the  latter,  they  are 
only  temporary  visitors.  The  difficulty  in  answering  the 
question  is  not  theoretical,  ijut  practical.  In  the  first  place, 
comets  are  more  or  less  fuzzy  bodies  and  it  is  liifficult  to 
locate  the  exact  positions  of  their  centers  of  gravity.  In 
the  second  place,  (hey  are  oh.^erved  during  only  a  very  small 
part  of  their  whole  perioils  while  they  are  in  the  neighbor- 
hood of  the  earth's  orbit.  Generally  they  are  not  seen  much 
beyond  the  orbit  of  Mars  and  very  rarely  at  the  <listance  of 
Jupiter.  For  such  a  small  arc  the  motion  is  sensibly  the 
same  in  a  very  elongated  clUpse,  in  a  parabola,  and  in  an 
hyperbola  whose  eccentricity  is  near  unity,  as  is  evident 
from  Fig.  120. 

More  than  80  comets  move  in  orbits  whose  major  axes 
are  so  short  that  they  will  certainly  return  to  the  sun.  The 
remainder  move  in  exceedingly  elongated  orbits,  and  the 
character  of  their  motion  i.s  less  certain.  But  it  is  signifi- 
cant that  the  recent  computations  of  Stromgren  show  that 
in  all  cases  in  which  comets  have  been  sufficiently  observed 
to  give  accurate  results  respecting  their  orbits,  they  were 
moving  in  ellipses  when  they  entcreil  the  solar  system.  At 
the  present  time  there  is  no  known  ca.se  of  a  comet  which 
was  well  observed  for  a  long  time  whose  orbit  was  hj-per- 
bolic,  and  astronomers  are  becoming  united  in  the  opinion 
that  they  are  permanent  members  of  the  solar  sj'stcm. 

The  orbits  of  all  the  planets  are  nearly  in  the  same  plane  ; 
on  the  other  hand,  the  plain's  of  the  orbits  of  the  comets  lie 
in  every  possible  direction  and  exhibit  no  tendency  to  paral- 
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It'lism.  The  pcrihcliii  of  llic  orbits  of  comets  arc  distributed 
all  aromid  the  sun,  liut  sluw  a  sliglit  tendency  to  cluster  in 
the  direction  in  which  the  sun  is  moving  among  the  stare,  a 
fact  which  probably  has  some  connection  with  the  sun's 
motion. 

Some  comets  have  perihelion  points  only  a  few  hundred 
thousand  miles  from  the  surface  of  the  sun,  and  when  nearest 
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Fio.  120.  —  SimiJarity  nf  elongated  cllip-«-i,  [lar.ilioliia,  and  hyperlxjlitB  in 
the  vieiiiity  of  the  orliil  uf  Ihi'  uiirth. 

the  Bun  tJiey  actually  pass  through  its  corona  (Art.  238). 
About  25  comets  pass  within  the  orbit  of  Mercury;  nearly 
three  fourths  of  those  which  have  been  observed  come 
within  the  orbit  of  the  earth  ;  very  few  so  far  seen  are  per- 
manently without  the  orbit  of  Mars,  and  all  known  comets 
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corac  within  the  orbit  of  Jupiter.  This  does  not  mean  that 
there  are  no  eomets  with  gieat  perihelion  distances,  or  even 
that  those  with  perihelion  distances  greater  than  the  distance 
froni  the  earth  to  the  sun  are  not  verj'  numerous.  Comets 
are  relatively  inconspicuous  objects  until  they  come  con- 
sideraiily  within  the  orbit  of  Mars.  Sometimes  their  bright- 
nes.s  increases  a  iunidred  thousandfold  while  they  move  from 
the  orbit  of  Mars  to  that  of  Mercurj'-  Consequently,  even 
if  comets  whose  perihelia  are  beyond  the  orliit  of  Mars  were 
very  luunerous,  not  many  of  them  would  be  observed. 

193.  The  Dimensions  of  Comets.  —  After  the  orbits  of 
comets  have  been  computed  so  that  theii-  distances  from  the 
earth  are  known,  their  actual  dimensions  can  be  determined 
from  their  apparent  ilimensions.  It  has  been  found  that 
the  head  of  a  comet  may  have  any  diameter  from  10,000 
miles  up  to  more  than  1,(M)0.(KX)  miles.  The  most  remark- 
able thing  about  the  head  of  a  comet  is  that  it  nearlj-  always 
contracts  as  the  comet  ajiproaches  the  sun,  and  expands 
again  when  the  comet  recedes.  The  variation  in  volume  is 
very  great,  the  ratio  of  the  largest  to  the  smallest  sometimes 
being  as  great  as  10(1,000  to  1.  Jolin  llerschel  suggest.ed 
that  the  contraction  may  be  only  apparent,  the  outer  layers 
of  the  comet  becoming  transparent  as  it  approaches  the  sun. 
This  suggestion  contradicts  the  appearances  and  seems  to  be 
extremely  improbable. 

The  nucleus  of  a  comet  may  be  so  small  as  to  be  scarcely 
visible,  say  100  nu'lcs  in  diameter,  or  it  may  be  as  large  as 
the  earth.  For  example,  Wiiliatn  Herschel  ob.served  the 
great  comet  of  1811  when  its  head  was  more  than  500,000 
miles  in  diameter,  while  its  nxicletts  measured  onlj'  428  nules 
across.  The  nuclei  varj-  in  size  during  the  motion  of  comets, 
but  tlie  change  is  quite  irregular  an<l  no  law  of  variation  has 
been  discovered. 

The  tails  of  comets  are  inconceivablj-  large.  Their  diam- 
eters are  counted  by  thousands  and  tens  of  thousands  of 
miles  where  they  leave  the  heads  of  comets,  and  by  tens  of 
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thousaiuls  or  hundreds  of  thousands  of  rnilos  in  their  more 
remote  parts.  Tla-y  vary  in  length  from  a  ffw  inilNon 
miles,  or  even  less,  up  to  more  than  a  hundred  million  of 
miles.  In  volume,  the  tails  of  comets  arc  thou.«ands  of 
times  greater  than  the  sun  and  all  the  planets  together. 
The  strangest  thing  about  them  is  that  they  point  almost 
directly  away  from  the  sun  wliichevcr  way  the  comet  may 
be  going.  That  is,  when  (hi'  comet  is  approaching  the  sun, 
the  tail!4  trail  lx>hind  like  the  smoke 
from  a  locomot  ivo  ;  when  1  he  comet 
is  receding,  they  project  ahead  like 
the  rays  from  the  head  light  on  a 
raisty  night.  When  a  comet  in  far 
from  the  sun,  its  tail  is  small,  or  nuiy 
be  entirely  absent ;  as  it  approaches 
the  .sun,  the  tail  develops  in  dimensions 
and  splendor,  and  then  ilindni.shes 
again  on  its  recession  fcom  the  sun. 

194.  The  Masses  of  Comets.  — 
C'omets  give  visihie  evidence  of  re- 
markable tenuity,  bill  (heir  volumes 
are  so  great  that,  if  (heir  densities 
were  one  ten-thousaii<tth  of  (hat  of 
air  at  the  surface  of  the  earth,  (heir  masses  in  many  cases 
would  be  comparahle  to  the  masses  of  thi'  planets. 

The  masse.s  of  comets  are  de(emuned  from  their  attrac- 
tions for  other  l)odies  (.\rts.  19,  1.54).  Or,  rather,  their  lack 
of  appreciable  ma.is  is  shown  by  the  fact  that  they  do  not 
produce  obsei'vable  disturbing  effects  in  the  motions  of 
bodies  near  which  they  pass.  Many  comets  have  had  their 
orbits  entirely  changed  by  planets  without  pntdueing  any 
sensible  effects  in  return.  Since,  according  to  the  third  law 
of  motion,  action  between  two  bodies  is  equal  and  opposite, 
it  follows  that  the  ma.sses  of  comets  are  very  small,  probably 
not  exceeding  one  millionth  that  of  the  earth. 

One  of  the  most  striking  examples  of  the  feeble  gravita- 
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tional  (lower  of  comets  was  fumistu-fl  by  I  lie  one  discovered 
by  Brooks  in  1SS9.  It  had  passed  through  Jupiter's  satellite 
system  in  1886  without  interfering  sensibly  with  the  motions 
of  these  bodies,  although  its  own  orbit  was  so  transformed 
that  its  period  was  reduced  from  27  yeans  to  7  years.    A«  fU^-,**^^ 

196.  Families  of  Comets.  —  Notwithstanding  the  great 
diversifies  in  the  orbits  of  comets,  Iheie  are  a  few  groups 
whose  niemb4Ts  .^eeiti  to  have  some  intimate  relation  to  one 
another,  or  to  the  planets.  There  are  two  types  of  these 
groups,  and  dwy  an-  known  a.s  comet  fa  nti  I  its. 

Families  of  the  first  type  are  made  up  of  comets  which 
pursue  nearly  identical  paths.  The  most  celebrated  family 
of  liiis  type  is  composed  of  the  great  comets  of  KiOS,  1843, 
1880,  and  1882.  A  much  smaller  one  .seen  in  1887  probably 
should  be  addetl  to  this  list.  Their  orbits  were  not  only 
nearly  identical,  but  the  comets  themselves  were  very  simi- 
lar in  every  respect.  They  came  to  the  sun  from  the  ilirec- 
tion  of  Sirius  —  that  is,  from  the  direction  away  from  which 
the  sun  is  moving  with  respect  to  the  stars  —  and  escaped 
the  notice  of  oiuservers  in  the  northern  hemisphere  until 
they  were  near  perihelion.  They  passed  half  way  around 
the  sun  in  a  few  lioui-s  at  a  distance  of  le.s.s  than  200, fKX) 
miles  from  its  .surface,  moving  at  the  enormous  velocity  of 
more  than  350  miles  per  second.  Their  tails  extended  out 
in  dazzling  sjilendor  1  ()(),()0(),(X10  miles  from  their  heads. 

One  might  think  that  the  various  mendwrs  of  a  comet 
family  are  but  the  successive  appearances  of  the  same  comet ; 
but  such  is  not  the  case,  for  the  observations  show  that 
though  tlu'ir  orbits  may  be  cl!ii)ses,  their  periods  are  at 
least  IJtKt  or  800  years,  This  means  that  they  recede  to 
^^^Mfiomethiitg  hk*>  five  times  the  distance  of  Neptune  from  the 
^^^^Pstin.  The  most  plausible  theory  seems  to  Ije  that  they  are 
I  the  separate  parts  of  a  great  comet  which  at  an  earlier  visit 

I  to  the  sun  was  broken  tip  Ity  tidal  tlisturbances. 

I  Fanulies  of  the,  second  type  are  made  up  of  comets  whose 

I  orbits  have  their  aphelion  points  and  the  ascending  and 
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descending  nodes  of  their  oiijits  near  the  orbit;*  of  the  planets. 
About  30  eoinets  liave  tlieii'  jiitlielia  near  Jnjiitcr's  orbit, 
and  are  known  as  .)ti[)iter's  family  of  comets,  Fig.  122. 
Their  orbits  are,  of  course,  all  elliptic,  and  tln'ir  periods  are 
from  3  to  8  years.  They  move  aroiiml  the  sun  in  the  same 
direction  that  the  planets  revolve.     Half  of  them  have  been 


Fia.  122.  —  Jupiter's  family  of  comets  (Poptilar  Astronomy). 

seen  at  two  or  more  perihelion  passages.  These  comets  are 
all  inconspicuous  objects  ;ind  entirely  invisible  to  us  except 
when  they  are  near  t!io  earlli. 

Saturn  has  a  family  of  2  comets,  Uranus  a  family  of  3, 
and  Neptune  a  fainiK-  of  li  members.  The  terrestrial  planets 
do  not  posisess  cnnict  families.  There  arc,  according  to  the 
Statistical  study  of  W.  H.  Pickering,  two  or  three  groups  of 
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comets  whosp  aphplia  are  several  times  the  distance  of  Nep- 
tune from  the  sun,  suggesting,  possibly,  the  existence  of 
planets  at  tliese  respective  distances. 

196.  The  Capture  of  Comets.  —  A  very  great  majority 
of  comets  move  in  scnsihly  paraltolic  orbits  whose  positions 
have  no  special  relations  to  the  positions  of  the  orbits  of  the 
planets,  Rut  the  orbits  of  nearly  all  those  comets  which 
are  elliptical  and  not  exceedingly  elongated  lie  near  the 
plane  of  the  planetary  orbits  and  have  their  apheUa  near 
the  orbits  of  the  planets.  These  facts  suggest  that  the 
orbits  of  comets  moving  in  these  ellip.ses  have  been  changed 
from  parabolas  or  very  elongated  ellipses  by  the  disturbing 
action  of  the  filiuiet  near  whose  orbit  their  aphelion  points 
lie.  This  question  of  (he  transformation  of  orbits  of  comets 
was  first  tliscussed  by  Laplace,  who  found  that  if  a  comet 
which  is  jipjjroaching  the  .sun  on  a  parabolic  or  elongated 
elliptical  oriiit  passes  closely  in  front  of  a  planet,  its  motion 
will  be  retarded  so  that  it  will  subsequently  move  in  a 
shortened  elliptical  orbit,  at  least  until  it  is  disturbed 
again. 

Suppose  a  comet  approaches  the  sun  in  a  sensibly  para- 
bolic orbit  and  passes  closely  in  front  of  a  planet  so  that  its 
orbit  is  reduced  to  an  ellipse.  It  is  then  said  to  have  been 
captured.  It  will  in  the  course  of  time  psiss  near  the  planet 
again,  when  its  orbit  may  be  still  further  reduceti ;  or,  its 
orbit  may  be  elongated  and  it  may  possibly  be  driven  from 
the  solar  system  on  a  parabola  or  an  hyperbola. 

It  is  a  generally  accepted  theory  that  the  members  of  the 
comet  families  of  the  various  planets  have  been  captured 
by  the  method  described.  Jupiter  has  a  larger  family  of 
comets  than  any  other  planet  because  of  its  greater  mass 
and  also  because,  if  a  comet  were  captured  originally  by  any 
planet  beyontl  the  orbit  of  Jupiter,  it  would  yet  be  possible 
for  Jupiter  to  reduce  its  orbit  still  further.  On  the  other 
hand,  when  Jupiter  has  captured  a  comet  and  made  it  a 
member  of  its  own  family,  it  is  far  within  the  orbit  of  the 


remoter  planets  and  is  no  longer  subject  to  capture  by  them. 
The  planets  beyond  the  orbit  of  Jupiter  have  a  few  comets 
each,  and  the  clustering  of  the  aphclia  of  comets  at.  still 
more  remote  distances  has  suggested  the  existence  of  planets 
as  yet  undiscovered  (Art.  161).  The  terrestrial  planets  have 
no  comet  families  partly  bccau.se  their  rna.s.se.«  are  small  com- 
pared to  that  of  the  sun,  and  partly  because  comets  cross 
their  orbits  at  very  great  speed. 

The  maKses  of  the  planets  are  not  great  enough  to  reduce 
a  parabolic  comet  to  membership  in  their  own  families  at 
one  disturbance.  The  matter  is  illustrated  by  Brooks'  comet, 
1889-V,  who.se  period,  according  to  the  computations  of 
Chandler,  was  reduced  by  Jupiter,  in  1S8G,  from  27  years 
to  7  years.  Lexell's  comet,  of  1770,  fumishes  an  example 
of  a  disturbance  of  the  oppo,site  character.  In  1770  it  was 
moving  in  an  ellijitical  orljil  with  a  period  of  .").5  years;  but 
in  1779  it  apiiroached  near  to  Jupiter,  its  orbit  was  enlarged, 
and  it  ha.s  never  been  seen  again. 

When  a  planet  captures  a  comet,  the  former  reduces  the 
dimensions  of  the  orbit  of  the  latter,  but  the  latter  still  re- 
volves around  the  sun.  The  questinti  arises  whether  a  planet 
might  not  capture  a  comet  in  a  more  fundamental  sense; 
that  is,  reduce  its  orbit  so  that  it  would  become  a  .'satellite  of 
the  planet.  It  has  been  repeatedly  suggested  that  the 
planets  may  have  captured  their  satellites  in  this  manner. 
The  answer  to  this  suggestion  is  that  a  planet  cannot  capture 
a  cotnet  and  make  it  into  a  satellite  simply  by  its  own  grav- 
tation  and  that  of  the  sun.  The  only  possibility  is  that  the 
comet  shoidd  encounter  resistance  in  a  very  special  manner, 
and  even  then  the  problem  presents  seriotis  difficulties.  No 
small  resistance  would  be  sufficient  because  the  motion  of  a 
comet  around  the  sun  in  a  parabolic  orbit  is  much  greater 
than  it  would  be  in  a  satellite  orbit  ;  and,  in  order  that  resist- 
ance should  reduce  the  velocity  by  the  required  amount,  it 
would  be  necessary  for  the  comet  to  encounter  so  much 
material  that  its  mass  would  grow  several  fold. 

T 


I 
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197.  On  the  Origin  of  Comets.  —  The  siiuilarities  of  the 
motions  of  the  various  phinpts  point  to  the  coiK-lusion  that 
they  had  a  coinnioii  origin,  [iiid  llic  URreeinrnt  of  the  (Hrpc- 
tion  of  the  rotation  of  the  sun  with  their  direction  of  revolu- 
tion indicates  that  tiiey  have  been  as.sociated  with  the  sun 
throupliout  their  wiiole  cvnhilion.  Thi.s  line  of  reasoniiiR 
docs  not  lead  to  tlie  inference  that  the  eoniefs  belong  to  the 
planetary  family.  They  may  have  hail  quite  a  dififercnt 
origin ;  at  any  rate,  most,  of  them  r''cede  from  the  sun  to 
regions  .several  times  as  remote  Jis  the  planet  Neptune. 

It  was  formerly  siip])o.se(l  that  comets  ai-e  merely  small, 
wandering  mas-ses  which  pass  from  star  to  star,  visiting  our 
sun  but  once.  The  intervals  of  time  reciuired  for  such  excur- 
sions are  enormously  greater  than  has  generally  been  sup- 
posed. For  example,  the  great  comet  of  1SS2  came  almost 
exactly  from  the  direction  of  Siriu.s  and  returnetl  again  in 
the  same  direction.  Suppose  the  comet  moved  imder  the 
attraction  of  Sirius  until  it  had  p;i.ssed  over  half  of  the  dis- 
tance from  Sirius  to  the  sun,  and  tliat  it  then  moved  .sen- 
sibly under  the  attraction  of  the  sun.  .\lthough  Sirius  is 
one  of  the  nearest  known  stars  in  all  the  sky,  it  is  found  that 
it  would  take  70,000,UUO  ye^irs  to  describe  this  part  of  its 
orbit.  About  twice  this  period  of  time  woul<l  be  required 
for  it  to  come  from  Sirius  to  the  sun,  anri  eight  times  this 
immense  interval  for  a  comet  to  come  from  a  star  four  times 
as  far  away.  These  figures  do  not  disprove  the  theory  that 
comets  wander  from  star  to  star,  but  they  show  tliat  if  this 
hypothesis  is  true,  then  comets  spend  most  of  tlieir  time  in 
traveling  and  but  little  in  visiting. 

If  the  comets  moved  from  star  to  star,  their  orbits  with 
respect  to  the  sun  would  never  be  elliptical  until  after  they 
had  been  captured ;  they  wovild,  indeed,  nearly  always  be 
strongly  hyperbrdic  liecause  the  stars  arc  moving  with  respect 
to  one  another  with  velocities  which  correspond  to  hyper- 
bolic speed  for  comets  at  such  great  distances.  The  fact 
that  no  comet  out  of  the  hundreds  whose  orbits  have  been 
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computed  has  moved  in  a  sensibly  liyperbolic  orbit  points 
strongly  to  the  conclusion  that  comets  have  been  permanent 
members  of  the  solar  sj-stem.  They  are  possibly  the  remains 
of  the  far  outlying  masses  of  a  nebula  from  wliirh  the  solar 
system  may  have  been  developed.  With  inei-easinR  proof 
that  they  are  actually  peruiaiient  itii'ioiicrs  of  the  solar  sys- 
tem, th(>ir  imjuirtaiu'e  in  connectir)!!  with  the  tjuestion  of  its 
origin  and  evolution  continually  increases. 

198.  .Theories  of  Comets'  Tails.  —  The  fact  that  the  tails 
of  comets  usuaH\'  jmtject  almost  ihrectly  away  from  the 
sun  indicates  that  they  are  in 
some    way    acted    upon    by    a  ,-«•'"', '.IT.'. 

repelling  force  emanating  from  ,,''-r^", 

the  sun.     The  inteasity  of  this      rcsuf^        S~r^' "" 

repulsion  has  been  computed  in  v''/^.----.-".   1 ." 

a  numVier  of  cases  by  Barnard  *^!,^  '--,. 

*■  ***-.*'  — 

and  others  from  the  accelera-  *"»»'""" 

« 

tions  which  masses  have  under- 
gone which  were   receding  from  Kio    J 23. -The  repulsion  tl,e„ry 
'^                                                       "          _  ol  the  onKiu  of  comets  t<ula. 

the  heads  of  comets  along  their 

tails.  These  accelerations  have  been  determined  by  com- 
paring photograi)hs  of  the  comets  taken  at  ilifferent  times 
separated  by  short  intervals. 

It  was  suggested  by  Olbers  as  early  as  1812  that  the  repul- 
sive force  which  apparently  produces  the  tails  of  cfimets  may 
be  electrical  in  character.  This  theoiy  hiw  been  taken  up 
and  systematically  developed  by  Bredichin,  of  Moscow. 
According  to  it,  the  sun  and  comet  nuclei  both  repel  the 
material  of  which  the  tails  of  comets  are  composed.  Those 
particles  which  leave  the  nuclei  in  the  direction  aw'ay  from 
the  sun  continue  on  in  straight  lines;  those  which  leave  in 
other  directions  are  gradually  bent  back  by  the  force  from 
the  sun  and  form  the  outer  parts  of  the  taiLs,  as  shown  in 
Fig.  123.  The  resulting  tails,  especially  if  they  are  very 
long,  are  slightly  cur\-ed  because  the  motion  of  the  comet 
is  somewhat  atlnvnrt  the  line  along  which  the  repelled  par- 
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■  tides  move,  that  is,  the  line  from  the  sun  through  the  nucleus 
(see  Fife.  121).     . 
Electrical  repulsion  acts  on  the  surfaces  of  particles,  while 

'gravitation  depciKls  on  their  masses.  Therefore,  while  large 
masses  are  attracted  by  the  sun  more  than  they  are  elec- 
trically repelled,  the  opposite  may  be  true  for  small  particles, 
and  the  electrical  repulsion  is  relatively  stronger  the  smaller 
they  are.  Consequently,  the  tails  which  are  produced  out 
of  small  particles  will  be  niore  nearly  straight  than  those 
which  aix'  composed  of  larger  particles.  Bredichin  advanced 
the  theory  that  the  long,  straight  tails  are  due  to  hydrogen 
gas,  the  ordinaiy  slightly  curved  tails  to  hydrocarbon  gases, 
and  the  short,  stubby,  and  much  curved  tails  to  vapors  of 
metals.  Spectroscopic  observations  have  to  a  considerable 
extent  confirmed  these  conclusions.  Some  comets  have  tails 
of  more  than  one  tj'pe,  as  for  example  Dclavan's  comet 
(Fig.  124). 

If  the  electrical  repulsion  theoi'y  is  adopted,  the  question 
at  once  arises  why  the  sun  and  the  materials  of  which  the 
tails  of  comets  are  composed  are  similarly  electrified.  A 
plausible  answer  to  this  question  can  be  given.  At  least 
the  hydrogen  in  the  sun's  atmosphere  seems  to  be  negatively 
electrified.  Suppose  a  comet  approaches  the  sun  from  a 
remote  part  of  space  without  an  electrical  charge.  Labora- 
tory experiments  show  that  the  ultra-violet  rays  from  the 
sun,  striking  on  the  nucleus  nf  the  comet ,  will  probably  drive 
off  negatively  charged  particles  which  will  be  repelled  by 
the  negative  charge  of  the  sun,  and  they  will  thus  form  a 
tail  for  the  comet.  The  repulsion  will  depend  upon  the 
size  of  the  particles  and  the  electrical  potential  of  the  sun. 
After  the  negatively  electrified  particles  have  been  driven 
off,  the  nucleus  will  be  positively  charged  and,  consequently, 
will  be  electrically  attracted  by  the  sun.  Bui  since  the  par- 
ticles driven  off  will  be  only  an  exceedingly  small  part  of  the 
whole  comet,  this  attraction  will  not  be  great  enough  sen- 
sibly to  alter  the  comet's  motion. 
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Fiii.    ri4.  —  Deluvttii's  eoiiiet.  Scpl.  2h,  1914.  sliowiiiK  u  long,  .straight  tail 
and  out'  baving  couisidcrabli.'  curvature  (BaruurU). 
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Another  theory  whicli  merits  careful  attention  is  that  the 
particles  which  constitute  comets'  tails  are  driven  off  by  the 
pressure  of  the  sun's  light.  According  to  Cleik-Muxweirs 
electromagnetic  theory,  light  exerts  a  pressure  upon  bodies 
upon  which  it  falls  which  is  [iroportional  to  the  light  energy 
in  a  unit  of  space.  For  bodies  of  considerable  magnitude 
the  pressure  is  relatively  very  small,  though  it  has  been 
detected  by  Nichols  and  Hull ;  but  for  niiiuite  IxKlies,  say  a 
ten-thousandth  of  an  inch  in  diameter,  the  light  pressure 
may  greatly  exceed  the  sun's  attraction.  Kor  still  smaller 
bodies  the  light  pressure  becomes  relatively  larger  until  their 
diameters  are  approximately  equal  to  a  wave  length  of  light, 
say,  one  fifty-thousandth  of  an  inch.  Then,  as  Schwarzsehild 
has  shown,  the  light  pressure  decreases  relatively  to  the 
force  of  gravitation.  Consequently,  if  the  jjiutides  are  very 
small  the  attraction  will  more  than  equal  the  repulsion. 

But  it  has  been  shown  more  recently  by  Lebetlew  that 
there  is  light  pressure  upon  gases,  in  which  the  diameters 
of  the  molecules  are  always  a  very  small  fraction  of  a 
wave  length  of  light,  and  that  the  pressure  is  pmiKirtional  to 
the  amount  of  energy  which  the  gas  absorbs.  Consequently, 
it  is  not  necessary  to  a.ssume  that  the  particles  of  which  the 
tails  of  comets  are  composed  are  larger  than  molecules. 

It  is  generally  suppo.sed  by  astronomers  that  both  elec- 
trical repulsion  and  light  pressure  are  factors  in  the  produc- 
tion of  comets'  tails.  Nevertheless,  there  are  outstanding 
phenomena  which  these  theories  do  not  explain.  In  the 
first  place,  there  is  no  adecjuate  explanation  of  the  luminosity 
of  comets'  tails.  As  comets  approach  the  sun,  their  tails 
increjtse  in  brightness  much  more  rapidly  than  they  should 
if  they  were  sliining  ordy  by  reflected  light.  The  luminosity 
of  such  exceedingly  tenuous  liodies  whose  density  is  doxibt- 
less  far  less  than  that  in  the  best  vacuum  tubes  of  the  pre.scnt 
time  can  scarcely  be  explained  as  a  temperature  effect. 
And  still  more  embarra.'*sing  to  these  theories  are  the  facts 
that  comets'  tails  do  not  always  point  directlj'  away  from 
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the  sun,  and  that  sometinie.s  thpy  thaugc  their  direction  by 
a  number  of  degrees  in  a  very  short  time.  For  example, 
Barnard  took  photographs  of  Brooks's  mtiicl,  l8f)3-IV, 
on  Novemlx'r  2  and  Noveniber  '.i.  In  this  iiitcrval  the  comet 
moved  forward  in  its  orl)it  aliuiit  1°;  and,  consequently, 
according  to  these  theories,  tlie  dirertion  of  its  tail  should 
have  changed  aliout  1°.  But  there  was  an  actual  ciiaiige  of 
direction  of  the  tail  of  16°  which  has  not  been  explained. 
There  are  also  suflden  and  gre.nt  changes  in  the  character 
and  luminosity  of  comets'  tails  which  no  theorj*  explains. 
Sometimes  secondary  tails  are  developed  with  great  rapidity, 
making  an  angle  of  as  ituich  as  ACy"  with  (he  line  joining  the 
comet  with  the  sun.  Obviously  niucli  remains  to  be  learned 
in  connection  with  the  tails  of  comets. 

199.  The  Disintegration  of  Comets.  -  The  imrticles  that 
leave  the  licaii  of  a  cdinet  to  form  its  tail  never  unite  with 
it  again.  In  this  way,  at  each  reappearance  of  a  comet,  that 
part  of  the  material  which  goes  to  fortu  its  tail  is  dispersed 
into  space ;  and,  as  the  quantity  remaining  liecoiues  reduced, 
the  comet  becomes  less  and  less  conspicuous.  Possibly  this 
18  one  of  the  reasons  why  Halley's  comet  in  lf>in  was  not 
such  a  remarkable  object  as  it  seems  to  have  been  in  some 
of  its  earlier  apparitions. 

There  is  another  way  in  which  comets  disintegrate.  Since 
their  masses  are  very  small,  the  mutual  attractions  of  their 
parts  are  not  sufficient  to  hol<l  them  together  if  they  are 
subject  to  strong  disturbing  ftjrces.  When  they  pa.«s  near 
the  sun,  they  arc  elongated  by  enormous  ti'.les.  In  fact,  if 
they  pass  within  Roche's  limit  (Art.  183),  the  tidal  forces  ex- 
ceed their  self  gravitation  imless  they  are  as  dense  a.s  the  sun. 
Comets  have  such  exceedingiy  low  density  that  the  limits  of 
tidal  disintegration  for  them  must  be  very  great.  Conse- 
quently, when  a  comet  (msses  near  the  smi,  the  tidal  forces 
to  which  it  is  subject  tend  to  tear  it  into  fragments,  which, 
of  course,  may  be  assembled  again  by  their  mutual  gravita- 
tion after  they  have  receded  far  from  the  sun.    But   on 
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their  wa>'  out  tliey  may  pass  near  a  planet  which  will  exert 
analoRous  forces,  and  may  so  disorganize  them  that  they 
will  never  again  be  united  into  a  single  body. 

The  tiipory  which  has  just  been  outlined  is  clear.  Now 
what  have  been  the  observed  facts?  Biela's  comet  was 
broken  into  two  parts  by  some  unknown  forces,  and  the  two 
coiiipoiicnts  subsequently  travolcii  in  inticpendent  paths. 
The  great  comet  of  1882  wa«  seen  to  have  a  number  of  out- 
lying fragments  when  it  was  in  the  vicinity  of  the  .sun,  and 
many  other  conict.s  have  exhibited  analogous  phenomena. 

Another  source  of  disturbance  to  which  comets  are  sub- 
ject is  the  scattered  meteoric  material  which  may  more  or 
less  fill  the  space  among  the  planets.  The  phenomenon  of 
the  zodiacal  light  givi's  an  alinftst  (-ertain  proof  of  its  exten- 
sive existence.  Such  scattered  particles  woidd  have  little 
effect  on  a  den.se  body  like  a  planet,  but  miglit  cause  serious 
disturliances  in  a  teimous  comet.  In  fact,  there  are  many 
instances  in  which  comets  and  comets'  tails  seem  to  have 
been  .^subjected  to  unknown  exterior  forces.  They  are  now 
atid  thpn  more  or  less  broken  up,  and  occa-sionally  the  tails 
of  comets  have  been  apparently  cut  off  and  brushed  aside. 

Many  comets  which  have  been  observed  at  two  or  three 
perihelion  passages  have  been  found  to  bo  fainter  at  each 
successive  return  than  they  were  at  the  preceding,  and  some 
have  eventually  entirely  disappeared.  It  seems  to  be  a  safe 
conclusion  that  comets  are  slowly  disintegrate*!  under  the 
disturbing  forces  of  the  sun  ami  planets  and  the  resisting 
meteoric  material  which  they  may  encounter.  As  confirma- 
tory of  this  view,  it  may  be  noted  that  the  members  of  Jupi- 
ter's family  have  small  tails  or  none  at  all ;  that  this  comet 
family  does  not  contain  as  many  members  as  might  be  ex- 
pected ;  and  that  a  number  of  comets  have  totally  disap 
peared,  [vrcsurnabh'  by  disintegration. 

200.  Historical  Comets.  —  In  this  article  some  of  those 
comets  will  be  briefly  described  which  have  exhibited  phe- 
nomena of   unusual   interest.    The   enumeration   of  their 
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peculiarities  will  illustrate  the  general  statements  which  have 
preceded,  and  will  give  additional  infonnation  respecting 
these  remarkable  objects. 

The  Comet  of  1680.  —  The  comet  of  1080  was  the  first  one 
whose  orbit  was  computed  on  the  ba.sis  of  tiie  law  of  gravi- 
tation. Newton  made  the  calculations  and  found  that  its 
period  of  revolution  was  about  600  years.  It  is  one  of  the 
family  of  comets  mentionctl  m  Art.  19.5.  At  its  perihelion 
it  passed  through  the  sun's  <'orona  at  a  distance  of  only 
140,000  miles  from  its  surface.  It  flew  along  this  part  of  its 
orbit  at  the  rate  of  370 
miles  per  second,  and 
its  tail,  100,000,000  miles 
long,  changed  its  direc- 
tion to  cone.spond  with 
the  motion  of  the  comet 
in  its  orbit. 

The  Great  Comet  of 
1811.  — The  great  comet 
of  1811  was  visible  from 
March  20,  1811,  until 
August  17, 1812,  and  was 
carefully  observed  by  William  Herschel.  He  discovered  from 
the  changes  in  its  brightness,  that  it  shone  partly  by  its  own 
light ;  for  it-s  brilliance  increased  va*  it  approached  the  sun 
more  rapidly  than  it  would  have  done  if  it  had  lieen  shining 
entirely  by  reflected  light.  At  one  time  its  tail  was 
100,fK)O.OOn  mil(^  long  and  l.'i.OOO.tMK)  miles  in  diameter. 
Tfie  phi-nomena  connected  with  it  .suggested  to  Olbers  the 
electrical  repulsion  theorj'  of  comets'  tails. 

Encke's  Coiitet  (1819).  —  Encke's  comet  was  the  first 
member  of  .lupiter's  family  to  be  discovered,  and  it  has  a 
shorter  period  {3.3  years)  than  any  other  known  comet. 
At  its  brightest  it  was  an  inconspicuous  telescopic  object 
(Fig.  125),  but  it  is  noted  for  the  fact  that  its  period  was 
shortened,   presumably   by   encountering  some   resistance, 
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about  2.5  hours  at  each  revolution  until  18G8;  since  that 
time  the  change  in  the  period  of  revolution  has  been  only 
one  half  as  great.  The  change  in  volunu'  of  Encke's  comet 
at  time.s  wa.s  extraorcUnary.  On  OctohtT  28,  1828,  it  was 
135,000,000  miles  from  the  sun  and  had  a  diameter  of  312,000 
miles ;  on  DwenibfT  24.  its  ihstance  wa.s  ,^f), 000,000  miles 
from  the  .sun,  and  its  diameter  was  only  14,000  miles ;  while 
at  its  perihelion  passage,  on  December  17,  1838,  at  a  dis- 
tance of  32,000,000  miles,  its  diameter  was  oidy  3000  miles. 
That  is,  at  one  time  its  vohime  was  more  tiian  a  million 
times  greater  than  it  was  at  another. 

Bielu's  Coviet  (1826).  —  Biela's  comet  is  also  a  small 
member  of  Jupiter '.s  family  anrl  lias  a  period  of  about  0.6 
years.  At  its  appearance  in  1840,  it  presented  no  unusual 
phenomena  unlil  about  the  20th  of  Dwember,  when  it  was 
considerably  elungated.  By  the  first  of  Jaimary  it  had  sepa- 
rated into  two  distinct  parts  which  traveletl  along  in  parallel 
orbits  at  a  distance  of  about  IdO.OfK)  miles  from  each  other. 
At  this  time  the  two  parts  wi-re  undiTgoing  considerable 
changes  in  brightness,  usually  alteniately,  and  sometimes 
they  were  connectwl  by  a  faint  stream  of  hght.  At  their 
appearance  in  18.')2  the  two  components  were  1,500,000  miles 
apart,  and  they  have  never  been  seen  again,  although  searciied 
for  very  carefully.  De  Vico's  comet,  of  1S44,  and  Brorsen's 
comet,  of  184(3,  are  also  comets  which  have  disappearetl, 
the  former  having  been  observed  but  once,  and  the  latter 
but  four  timi-s  after  its  di.scovery. 

DniKili'.s  Ctiiiut  (I85S).  —  Donati's  comet  was  one  of  the 
greatest  comets  of  the  nineteenth  century.  It  was  visible 
with  the  unaiderl  eye  for  112  daj's,  and  tlirough  a  telescope 
for  more  than  9  months.  Its  tail,  which  was  more  than 
54,000,000  miles  long,  at  one  time  subtende<l  an  angle  of  more 
than  30°  as  seen  from  the  earth.  It  movinl  in  the  retro- 
grade direction  in  an  orbit  with  a  period  of  more  than  2000 
years,  and  at  its  aphelion  its  distance  from  the  sun  was 
more  than  5.3  times  that  of  Neptune. 


TcbbiUt's  Comet  (1861).  —  TebbuU'n  comet  was  of  great 
dimensions,  hut  is  notewortliy  cliiofly  because  the  earth 
passed  through  its  tail.  As  could  have  been  anticipated 
from  the  exces.sivr  tenuity  of  comets'  tails,  the  eartli  experi- 
enced no  sensible  cfTfrts  from  the  encounter.  The  earth 
must  have  pa-ssed  thriiugh  the  tails  of  comets  many  times  in 
geological  history,  and  there  is  no  evidence  whatever  that  it 
has  ever  been  disturbed  by  them.  In  fact,  if  a  comet  should 
strike  the  earth,  hend  on,  it  is  probable  that  the  result  would 
not  be  disastrous  to  the  earth. 

The  <7rffl<  Comets  of  1880  fiW  1882.  —  The  comets  of  1880 
and  1882  were  two  splendid  members  of  the  most  remark- 
able known  family  of  comets  which  travel  in  the  .same  orbit. 
Botii  of  these  comets,  as  well  a.s  the  earlier  members  of  the 
same  family,  arc  noteworthy  for  their  vast  dimensions,  their 
great  hriUiancy,  and  their  close  approach  to  the  sun.  THe 
comet  of  1882  was  observed  Ijotli  before  and  after  peri- 
helion passage.  Although  it  swept  through  several  liuntired 
thousand  miles  of  the  sun's  corona,  its  orbit  was  not  sensibly 
altered.  Yet  it  gave  evidence  of  having  been  subject  to 
violent  disrupting  forces.  After  perihelion  passage  it  was 
observe<l  to  have  as  many  a.s  o  nuclei,  while  Barnard  and 
other  observers  saw  in  the  inmiediate  vicinity  as  many  as 
6  or  8  .small  conict-like  ma.sscs,  apparently  broken  from  the 
Urge  body,  traveling  in  orbits  parallel  to  it. 

Morehttuae's  Comd  (UXI8).  —  On  Septemlier  I,  1908, 
Morehouse,  at  the  Yerkt-s  (.)bservator\',  discovered  the  third 
comet  of  the  year.  It  was  found  on  photographic  plates 
taken  for  other  purposes,  and  i.''  one  of  the  few  examj^les  in 
which  comets  have  been  discovered  by  photograpjhy.  This 
comet  was  never  bright,  l)ut  was  one  of  the  most  remarkable 
comets  ever  observe*!  in  the  extent  and  variety  of  its  activi- 
ties. It  wjis  well  situated  for  observation,  and  Barnard 
obtaineti  2.^9  photograjihs  of  it  on  47  ditTcrcnt  nights.  The 
material  which  went  into  the  tail  of  the  comet  was  often 
evolved  with  the  most  startling  rapidity.     For  example,  on 
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the  30th  of  Septenilier,  in  the  early  part  of  the  night,  the 
comet  presented  an  almost  normal  appearance,  Before  the 
night  wius  over,  the  tail  had  become  cyclonic  in  form  and 
was  attached  to  the  head,  which  then  wiis  small  and  star- 
like, by  a  very  slender,  cui-ved,  tapering  neck.  On  the 
succeeding  night  the  iitjUcrial  that  then  mnsfituled  the  tail 
was  entirely  detached  from  the  head.  On  October  15,  there 
was  another  large  outbreak  of  material  which  was  shown 
by  successive  photographs  to  be  swiftly  receding  from  the 
comet  (Fig.  12G). 

Not  only  was  Morehouse's  comet  noteworthy  for  the  ex- 
traordinary activities  exhihitetl  by  its  tail,  but  it  changed  in 
iirightness  in  a  very  remarkable  manner,  It  was  generally 
considerably  below  the  limits  of  \'isibility  with  the  unaided 
eye,  but  now  and  then  it  would  flush  up,  without  apparent 
rea.'*on,  for  a  day  or  .so  until  it  could  i)e  .seen  very  faintly- 
without  a  telescope.  While  a  number  of  larger  comets  have 
been  observetl  in  recent  years,  no  other  has  given  evidence 
of  such  remarkable  changes  in  the  forces  that  produce  comets' 
tails,  anrl  no  other  has  exhibited  such  mysterious  variations 
in  brightness. 

201.  Halley's  Comet.  —  Halley's  comet  is  the  most  cele- 
brated one  in  all  the  history  of  these  objects.  It  is  named 
after  Halley,  not  l>ecauso  he  discovered  it,  but  because  he 
computed  its  nrliit  from  oliservations  made  in  1682  by  the 
methods  which  had  l^een  developed  by  his  friend  Newton. 
Halley  found  that  the  orbit  of  this  comet  was  almost  iden- 
tical with  the  orliits  of  the  comets  of  1607  and  1531.  He 
came  to  the  conclusion  that  these  various  comet^i  were  only 
different  appearances  of  the  same  one  which  was  revolving 
aroun<t  the  ,^un  in  a  jK-riod  of  about  75  years.  The  records 
of  comets  in  1456,  l.'Wl,  1145,  and  1066  confirmed  this  view 
because  these  dates  differ  from  IRS2  by  nearly  integral  mul- 
tifjles  of  75  or  76  years.  From  his  computations  Halley  pre- 
dicted that  the  comet  wouhl  appear  again  and  pass  its  peri- 
helion point  on  March  13,  1759. 
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Many  of  Halley's  contt'inp<jraries  were  ver>-  skeptical 
regarding  this  prediction.  The  law  of  gra\'itation  had  only 
recently  been  discfivcred  and  the  certainty  with  which  it 
had  been  established  was  not  yet  fully  comprehended. 
Ilalley  was  accused  by  skeptics  of  seeking  notoriety  by 
making  a  proiiliecy  and  rleverh'  piittinp;  forward  the  date 
of  it.s  fulfilltneut  so  fur  that  he  would  be  dead  before  his 
failure  became  known.  However,  before  the  75  years  had 
passed  away,  the  law  of  gravitation  had  l)ecome  so  firmly 
established,  and  the  mathematical  processes  employed  in 
astronomical  work  had  become  bo  well  understood,  that 
astronomers,  at  least,  had  iniplici)   fnith  in  the  correctness 


Pio.  127.  —  The  orbit  of  Hiilley's  comot. 

of  Halley's  prediction,  although  since  its  last  appearance  the 
comet  had  been  in%-isihle  for  tin-  lifetime  of  a  man  and  had 
gone  out  ;i,000,00(),UOO  miles  from  the  sun  to  beyond  the 
orbit  of  Neptune.  There  was  great  popular  interest  in  the 
comet  as  Ihe  date  for  it.s  return  approached.  It  actually 
pasiied  its  perihelion  within  one  month  of  the  time  predicted 
by  Halley.  The  slight  error  in  the  prediction  was  due  to 
thr  imperfect  observations  of  its  positions  in  ir)S2,  and  to 
the  perturljations  by  planets  which  were  then  imknown. 
This  was  the  first  verification  of  such  a  predictitm ;  and  the 
definitoness  and  rompleteness  with  which  it  wsis  fulfilled 
hat!  been  entirely  unapproached  in  the  case  of  all  the 
prophecies  which  the  world  had  known  up  to  that  time. 
Halley's  comet  passed  the  sun  again  in  1835.    At  this 
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time  it  was  so  accurately  obscrvetl  that  its  subsequent  orbit 
could  be  computed  witli  a  high  degree  of  precision.  If  it 
had  made  its  next  revolution  in  the  same  period  as  the  one 


Fiij.   lliS  — Httlley's  coroct,  May  29.  1910.       Photooraiihed  Uj  Barnard  ai 
the  Ycrkes  Ohaervaluru- 


ending  in  1835,  it  would  have  pas-sed  its  perihelion  in  July, 
1912.  Instead  of  this,  it  passed  its  perihelion  on  April  19, 
1910.     The  perturbations  of  the  remote  planets  reduced  its 
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period  by  more  than  two  years.  The  most  accurate  com- 
putations of  its  orbit  and  predii-tions  of  the  time  of  its  re- 
turn were  made  by  Cowell  and  Cromellin,  of  Greenwich, 
who  missed  the  time  of  perihelion  passage  by  only  2,7  days. 
TJieir  computations  were  so  accurate  that  even  this  small 
discrepancy  could  not  be  the  result  of  accumulated  errors, 
and  they  believe  that  the  comet  has  been  subject  to  some 


Fia. 


129. — The  relatioDa  of  tli(<  nun.  earth,  and   flullpy'a  cumi>t  in  1010. 


unknown  forces.  Its  next  return  will  be  about  1985,  and 
Fig.  127  .shows  the  position  in  its  orbit  for  various  epochs 
during  this  interval.  In  order  to  get  the  precise  time  of  its 
return,  it  will  he  necessary  to  take  into  account  the  pertur- 
bations of  the  ]»lanets. 

While  Halley's  comet  is  n  very  large  one  (Fig.  128),  its 
latest  ap])earanie  was  somewhat  disappointing,  espei'ially  to 
the  general  public,  who  had  been  led  to  expect  that  it  would 
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rival  the  sun  in  brightness.  One  of  the  reasons  for  the  dis- 
pjx)intment  was  that  the  earth  was  not  very  near  the  comet 
when  it  was  at  its  pt'rihi'liun  where  it  was  brightost  and  had 
the  longest  tail.  The  relations  of  the  earth,  cumot,  and 
sun  in  this  part  of  its  orbit  are  shown  in  Fig.  12S(,  drawn  by 
irnard.  On  Maj'  5,  tlie  length  of  ihe  comet's  tail  was 
'37,00l),000  miles.  On  May  18  the  ooniet  passed  between 
the  earth  and  the  sun  and  was  entirely  invisible  when  pro- 
jected on  the  sun's  di.sk.  This  .shows  that  even  its  nucleus 
was  extremely  tenuous  and  tran.sj>arent.  At  this  time  the 
^karth  passed  through  at  least  the  outlying  part,  of  its  tail. 
"Neither  at  this  time  nor  at  any  otlier  did  the  comet  have 
any  sensible  iaflueac<'  upon  the  earth.     On  the  whole,  it  was 

altogether  devoid  of  interesting  features. 

ji 

^P  II.   Meteors 

202.  Meteors,  or  Shooting  Stars.  —  An  attentive  watch 
of  the  sky  on  almost  any  clear,  moonle.ss  night  v\ill  show  one 
or  more  so-ealletl  "  sliuoting  stars."  They  are  little  flashes 
of  light  which  have  the  appearance  of  a  star  darting  across 
the  sky  and  disapiM'aring.     Instead  of  being  actual  stars, 

, which  are  great  !>udies  like  our  sun,  they  are,  as  a  matter 
of  fact,  tiny  masses  so  small  that  a  person  could  hold  one 

'in  his  hand.     Under  certain  circumstances  of  motion  and 

t position,  they  dash  into  the  earth's  atmo.sphere  at  a  speed 
bf  from  10  to  40  miles  per  second,  and  the  heat  generated 
by  the  friction  with  the  upper  air  vaporizes  or  burns  them. 
The  products  of  the  combustion  and  pulverization  slowly 
fall  to  the  earth  if  they  are  solid,  or  arc  added  to  the  atmos- 
phere if  they  are  gaseous.  Since  it  is  misleading  to  call  them 
"  shooting  stars,"  they  will  always  be  called  "  meteors  " 
hereafter. 

The  distances  of  meteors  were  first  determined  in  1708 

,by   Brandes  und   Keiizenberg,   at  Gottingcn.     They   made 

imultaneous  observations  of  them  from  positions  separated 

by  a  few  miles,  and  from  the  differences  in  their  apparent 
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dirertions  they  eompute<1  their  altitudes  above  the  sur- 
face of  the  earth  (Art.  29J.  Their  observations  and  those 
of  many  succeeding  astronomers,  among  whom  may  he 
mentioned  Denning,  of  England,  and  Olivier,  of  Virginia, 
have  shown  that  meteors  rarely,  if  ever,  become  visible  at 
altitudes  as  great  as  lOO  miles,  and  nearly  all  of  them  dis- 
appear fiefore  they  have  deseendetl  to  within  30  miles  of  the 
earth's  siuface. 

Tlip  velocity  with  which  a  meteor  enters  the  atmnsphere 
can  he  found  by  determining  the  point  at  wiiich  it  becomes 
visible,  the  point  at  which  it  disappears,  and  the  interval  of 
time  during  which  it  is  visible.  The  total  amount  of  light 
energj'  given  out  by  a  meteor  can  be  determined  from  its 
apparent  brightness,  its  distance  from  the  olwerver,  and  the 
time  during  which  it  is  radiant.  The  energy  radiated  l>y  a 
meteor  has  its  .source  in  the  heat  generated  l>y  the  friction 
of  the  meteor  with  the  earth's  atmosphere,  and  it  cannot 
exceed  the  kinetic  energy  of  the  meteor  when  it  entered 
the  atmosphere.  Suppose  all  the  kinetic  energ.v  of  a  mete<;)r 
is  transformed  into  light.  This  assumption  is  not  strictly 
true,  but  it  will  be  approximately  true  for  matter  moving 
with  the  high  speed  of  a  meteor.  Then,  since  the  energy 
of  motion  of  a  body  is  one  half  its  mass  multiplied  by  the 
square  of  its  velocity,  the  mass  of  the  meteor  can  be  com- 
puted because  its  light  energj'  and  velocity  can  be  deter- 
mined directly  from  observations  by  the  methods  which 
have  just  been  described.  By  such  means  it  has  been  found 
that  ordinarily  the  ma.-jses  of  meteors  do  nut  exceed  a  few 
tenths  of  an  ounce.  However,  the  observational  data  are 
difficult  to  determine  and  the  subject  has  received  relatively 
le.ss  attention  than  it  deserves.  Con.sequently,  no  great 
reliance  .should  be  placed  on  the  precise  nimierieal  results. 

203.  The  Number  of  Meteors.  —  If  a  person  scans  the 
sky  an  hour  or  so  aufl  finds  that  he  can  see  only  a  few  meteors, 
he  is  tempted  to  draw  the  conclusion  that  the  number  of 
them  which  strike  the  earth's  atmosphere  daily  is  not  very 
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large.  He  bases  hi8  conclusion  mostly  on  the  fact  that  half 
of  the  celestial  sphere  is  witliin  his  range  of  vision,  but  a 
diagram  representing  the  earth  and  its  atmosphere  to  scale 
will  show  him  that  ho  can  see  by  no  means  half  the  meteors 
which  strike  the  earth's  atmosphere.  As  a  matter  of  fact, 
he  can  see  the  atmosphere  over  only  a  few  square  miles  of 
the  earth's  surface. 

From  very  many  coimt«  of  the  number  of  meteors  which 
can  be  seen  from  a  single  jilace  during  a  Kivcn  time,  it  htis 
been  computed  that  between  W  and  20  millions  of  them 
i  strike  into  the  earth's  atmosphere  daily.  There  are  prob- 
ably .several  times  this  number  which  ;irp  so  small  that  they 
escape  observation.  Often  when  astronomers  are  working 
with  telescopes  they  see  faint  meteors  dart  across  the  field 
of  vision  which  would  be  quite  invisible  with  the  unaided  eye. 

Meteors  enter  the  earth's  atni(>s]>here  from  every  direc- 
tion. The  places  where  they  strike  the  earth  and  the  veloci- 
ties of  their  encounter  depend  both  upon  their  own  veloci- 
ties and  al.^o  u[.K)n  tluit  of  the  earth  anmnd  the  sun.  The 
side  of  the  earth  which  is  ahead  in  its  motion  encounters 
more  meteors  than  the  opiwsite,  for  it  receives  not  onh'  those 
which  it  meets,  but  also  those  whicli  it  overtakes,  while  the 
[part  of  the  eartli  which  is  behind  receives  only  those  which 
overtake  it.  The  meridian  is  on  the  forward  side  of  the 
earth  in  the  morning  and  on  the  rearwarti  side  in  the  even- 
ing. It  is  found  by  observation  that  more  meteors  arc  seen 
in  the  morning  than  in  the  evening,  and  that  the  relative 
velocities  of  impact  are  greater. 

204.  Meteoric  Showers.  —  Occasionally  unusual  num- 
bers of  meteors  are  seen,  and  then  it  i.s  said  that  there  is  a 
meteoric  shower.  There  have  been  a  few  instances  in  which 
meteors  were  so  numerous  that  they  could  not  be  counted, 
but  usually  not  more  than  one  or  two  appear  in  a  minute. 

At  the  time  of  a  meteoric  sliower  the  meteors  are  not 
only  more  numerous  than  usual,  but  a  majority  of  them 
move  80  that  when  their  apparent  paths  are  projected  back- 


340       AN   INTRODUCTION  TO   ASTRONOMY    [ch.  x.  204 


ward,  they  ptuss  through,  or  very  near,  a  point  in  the  sky. 
This  point  is  called  the  radiant  point  of  the  shower,  for  the 
meteors  all  appear  to  radiate  from  it.  A  numl)cr  of  meteor 
trails  which  clearly  define  a  ratUant  point  are  shovsii  in 
Fig.  130. 

The  most  conspicuous  meteoric  showers  occur  on  Novem- 
ber 15  and  November  24  yearly.  The  former  have  their 
radiant  in  Leo,  within  tlie  sickle,  and  are  called  the  Leonids. 


Fi(i.   130.  —  Meteor  Iruils  duCuiu);  u  radiaut  point  (Olivier). 


From  the  position  of  this  constellation  (Arts.  82,  93),  it 
follows  that  they  can  be  seen  onlj'  in  the  early  morning  hours. 
The  latter  liave  their  radiant  in  Andromeda,  and  are  called 
the  Aruirornidn.  They  can  be  seen  only  in  the  early  part 
of  the  night.  The  l.ieonids  antt  AntlronucJs  are  not  equally 
numerous  every  year.  Cireat  showers  of  the  Leonids  oc- 
curred in  1833  and  1866,  luid  less  remarkable  ones,  though 
greater  than  tlie  ortlinaiy,  from  1898  to  1901.  The  Andro- 
mids  ajjpear  in  unusual  numbers  ever>'  thirteen  years. 
Besides  these  meteoric  showers,  according  to  Denning, 


I 


CH.  X.  2061 


COMETS   AND    METEORS 


341  J 

>en  found.        V 


nearlj'  3000  other  less  conspicuous  ones  have  been 
The  Perseids  appear  for  a  week  or  more  near  the  middle  of 
August,  the  Lyrids  on  or  about  April  20,  the  Orionids  on  or 
about  October  20,  etc. 

205.  Explanation  of  the  Radiant  Point.  —  Iti  1834  Olm- 
sted showed  that  the  apparent  nuiiatiun  of  inctcor.s  from  a 
point  is  due  to  the  fact  that  they  move  in  parallel  lines, 
and  that  we  see  only  the  projection  of  their  motion  on  the 
celestial  sphere.  Thus,  in  Fik-  131.  the  actual  paths  of  the 
meteors  are  AB,  but  their  apparent  path.s  a.H  seen  by  an 
observer  at  0  are  AC.    When  these  lines  are  all  continued 


Fio.   131.  —  E^platiatiuu  of  the  radiant  puiiit  of  meteors. 

backward,  they  meet  in  the  point  which  is  in  the  direction 
from  which  the  meteors  come. 

It  follows  that  the  meteors  which  Rive  rise  to  the  meteoric 
showers  are  moving  in  vast  swarms  along  «rl)its  which  inter- 
sect the  orbit  of  the  earth.  When  the  earth  passes  through 
the  point  of  intersection,  it  encounters  the  meteors  and  a 
^^  shower  occurs.  Thus,  the  orbit  of  the  Leonitis  touclies  the 
^p  orbit  of  the  earth  at  the  point  which  the  earth  occupies  on 
^^  Noveml>er  14.  In  this  t'two  the  earth  nuM^ts  the  meteors 
^  (Fig.  132),  while  the  .Vndroniids  overtjike  the  earth. 
H  206.  Connection  between  Comets  and  Meteors.  —  The 
^^  fact  that  the  volatile  niatei-ial  of  which  conu'ts'  tails  are 
^^  composed  gra<lually  becomes  exhausted,  after  which  the 
^B  comets   themselves   become    invisilde,    anti    the    fact    that 

p^... ....... 
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particles  whinh  revolve  around  the  sun  in  eloriKated  ellip- 
tical orbits,  siigfiest  the  hypothesis  that  comets  and  meteors 
are  related.  The  hypothesis  is  coiifinned  and  virtually 
proved  by  the  identity  of  the  orbits  of  certain  meteoric 
swarms  and  comets. 

In  1866  Sfhiaparetli  showed  that  the  August  meteors 
move  in  the  same  orbit  as  Tut  tie's  comet  of  1862.  That  is, 
in  addition  to  the  comet,  which  is  a  member  of  Saturn's 
family,  there  are  many  other  small  bodies  (meteors)  travel- 
ing in  the  same  orbit.  In  1867  Leverrier  found  that  the 
Leonids  move  in  the  same  orbit  a^  Tenipel's  comet  of  1866, 
while  Weiss  sliowed  that   the  lueteors  of  April  20  and   the 


Fig.   132.  —Orbit  o(  the  Leonid  metoorj. 


comet  of  1861  move  in  the  same  orbit,  and  that  the  paths 
of  the  Androniids  and  Biela's  comet  were  likewise  the  sanie. 
It  has  recently  been  claimed  that  the  Aquarid  meteors  of 
early  May  have  an  orbit  almost  identical  with  that  of 
Halley's  comet. 

While  it  is  not  possible  to  be  certain  as  to  the  origin  of 
comets,  the  history  of  their  later  evolution  and  final  end  is 
tolerably  clear.  The  elongated  orbits  in  which  they  may 
have  originally  moved  are  reduced  when  the}'  are  captured 
by  the  planets.  Their  periods  of  revolution  are  subsequently 
shorter,  their  volatile  material  wastes  away  in  the  fonn  of 
tails,  and  the  remaining  material  is  scattered  along  their 
orbits  by  the  dispersive  forces  to  which  they  are  subject. 
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If  these  orbits  cross  the  orbit  of  a  planet,  the  remains  of  the 
comets  are  gradually  swept  up  by  the  larger  body.  If  an  orbit 
of  a  comet  does  not  orlRinally  cross  the  orbit  of  a  planet, 
the  perturbations  of  the  planets  will,  in  general,  in  the  course 
of  time,  cause  it  to  do  so.  The  result  will  be  that  the  planets 
sweep  up  more  and  more  of  the  remains  of  disintegrated 
comet^s  and  undergo  a  gradual  growth  in  this  manner. 

207.  Effects  of  Meteors  on  the  Solar  System.  —  The 
most  obvious  effect  of  the  numerous  meteors  which  swarm 
in  the  solar  system  is  a  resistance  both  to  the  rotations  and 
the  revolutions  of  all  the  bodies.  As  was  stated  in  Art.  45, 
the  effects  of  meteors  upr^n  the  rotation  of  tlio  earth  are  at 
present  exceedingly  slight ,  and  it  is  very  probable  that  their 
influences  upon  the  rotations  of  the  other  members  of  the 
syst«m  are  also  inappreciable.  A  refardation  in  the  trans- 
latory  motion  of  a  body  causes  its  orbit  to  decrea.se  in  size. 
Hence,  so  far  as  the  meteors  affect  the  planets  in  this  way, 
they  cause  them  continnally  to  approach  the  sun. 

Another  effect  of  meteors  upon  the  members  of  the  solar 
system  is  to  increase  their  masses  by  the  accretion  of  matter 
which  may  have  come  originally  from  far  beyond  the  orbit 
of  Neptune.  As  the  masse.s  of  the  sun  anil  planets  in- 
creas?,  their  mutual  attractions  increase  and  the  orbits  of 
the  planets  become  smaller.  Looking  backward  in  time,  we 
are  struck  by  the  possibility  that  the  accretion  of  meteoric 
matter  may  have  been  more  rapid  in  former  times,  and  that 
it  may  have  been  an  important  factor  in  the  growth  of  the 
planets  from  much  .smaller  bodies. 

208.  Meteorites.  —  Sometimes  bodies  weighing  from  a 
few  poimds  up  to  several  hundred  pounds,  or  even  a  few 
tons,  dash  into  the  earth's  atmosphere,  glow  brilliantly  from 
the  heat  generated  by  the  friction,  roar  like  a  waterfall, 
occasionally  produce  violent  detonations,  and  end  by  falling 
on  the  earth.  Such  boches  are  called  meteorites,  siderites,  or 
aerolites. 

About  two  or  three  meteorites  are  seen  to  fall  yearly  ;  but, 
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since  a  large  part  of  the  earth  is  covered  with  water  or  is 
uninhabited  for  other  reasons,  it  is  probabi"  that  in  all 
at  Ica^st  lOf)  strike  the  earth  annually.  The  outside  of  a 
meteorite  during  its  passage  through  tlie  air  is  subject  to 
intense  and  sudden  heating,  and  the  rapid  expansion  of  its 
surface  layers  often  breaks  it  into  many  fragments.  The 
surface  is  fused  antl  on  st liking  cools  rapidly.  The  result  is 
that  it  has  a  black,  glossy  structure,  usually  with  many 
small  pits  where  the  less  refractive  material  has  laeen  melted 


Fia.  133. — Stony  metooritp  which  fell  :it  Luiir  Inland,  Kaiums:  weight, 
700  pounds  (FarriiiKlon). 

out.  Since  meteors  pass  entirely  through  the  atmosphere  in 
a  few  seconds,  only  their  surfaces  give  evidence  of  the  ex- 
tremes of  heat  and  pressure  to  which  they  have  been  sub- 
jected in  their  final  flight. 

Most  meteors  are  composed  of  stone,  though  it  is  often 
mixed  with  some  metallic  iron.  Even  where  pure  iron  is  not 
present,  .some  of  its  compounds  are  usually  found.  About 
three  or  four  out  of  every  hundred  are  nearly  pure  iron 
with  a  little  nickel.  All  together  aliout  30  elements  which 
occur  elsewhere  on  (he  earth  have  been  found  in  meteorites, 
but  no  strange  ones.  Yet  in  some  respects  their  structure 
is  quite  different  from  that  of  terrestrial  substances.    They 
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have  peculiar  crystals,  they  show  Imt  little  oxidation  and 
no  action  of  water,  and  they  contain  in  their  interstices  rela- 
tively large  quantities  of  occluded  gases,  some  of  which  are 


Fta.  134.  —  Iron  inet«oriU!  from  Canon  Diablo,  Ariiona ;  weight.  265 

(Kjuuds  (Famiigtuti). 

combustible.  According  to  Farrington,  some  meteors  give 
evidence  of  fragmentation  and  recementation,  others  show 
faulting  (fracture  and  sliding  of  one  surface  on  another)  with 


Fjo.  136.  —  Duratigo,  Moxiro.     McUiiritp  sliowiJiK  iH-culiar  crystalliiation 
churucteristic  of  certain  niptcoriti'S  (KarringtouJ. 

recementation,  and  others,  veins  where  foreign  material  has 
been  slowly  deposited. 

209.  Theories  respecting  the  Origin  of  Meteorites.  —  If 
it  were  known  that  ineteoriles  are  but  meteors  which  are  so 
large  that  they  reach  the  earth  before  they  are  oompletely 
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oxidized  and  pulverized,  we  might  justly  conclude  that  they 
are  probably  the  remains  of  disintegrated  eoinets.  This 
would  enable  us  to  learn  certain  things  about  comets  which 
cannot  be  settled  yet.  But  no  uK'tt'orite  is  known  certainly 
to  have  been  a  member  of  any  meteoric  swami.  However, 
two  meteorites  have  fallen  during  the  time  of  meteoric 
showers,  one  in  France,  at  the  time  of  the  Lyrids  in  lf)05, 
and  the  other  iii  Mexico,  just  before  the  Andromids  in  1885. 

The  structure  of  some  meteorites  is  more  like  that  of  lava 
fnmi  deep  volcanoes  than  anything  else  found  on  the  earth. 
An  old  theory  was  that  they  have  been  ejected  by  volcanic 
explot*ions  from  the  moon,  planets,  or  perhaps  the  sun. 
This  theory  would  account  for  some  of  their  characteristics, 
and  would  explain  why  they  contain  only  familiar  elements, 
at  least  if  the  other  liodies  of  the  solar  sj'sleni  contain  only 
those  found  on  tlie  earth  ;  but  it  does  not  at  all  explain  the 
fragmentation,  faulting,  and  veins,  for  forces  great  enough 
to  produce  ejections  would  scarcely  be  found  without  heat 
enough  to  produce  at  least  fusion. 

Chamberlin  has  nuiintained  that  meteorites  may  be  the 
debris  of  bodies,  ])erliit[)s  of  planetary  dimensions,  which 
have  been  broken  up  by  tidal  strains  when  they  have  passed 
some  larger  mass  within  Roche's  limit.  When  suns  pass  by 
other  .suns,  it  is  ijroltalile  that  at  rare  intervals  they  pass  so 
near  each  other  that  their  planets  (if  the}-  have  anj')  are 
broken  up.  More  rarely,  the  suns  themselves  may  be  dis- 
integrated. Indeed,  this  may  be  the  origin  of  all  cometary 
and  meteoric  matter.  Whether  it  is  or  not,  there  is  here 
a  possibility  of  disintegration  which  nmst  be  taken  into 
account  in  any  theory  of  cosinical  evolution. 

The  present  desiderata  are  more  accurate  determinations 
of  comets'  orbits  to  find  whether  any  of  them  are  really 
hyperbolic,  more  accurate  detenuinations  of  the  velocities  of 
meteors  to  find  whether  they  ever  come  into  our  system  on 
parabolic  or  hyperbolic  orbits,  and  finally  the  answer  to  the 
question  whether  nietcoi-s  and  meteorites  are  really  related. 
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The  suggestion  that  .a  ineteoritn  may  be  a  fragment  of  a 
world  which  wa?  disrupted  before  the  origin  of  the  earth 
makes  some  demands  on  the  iujagination,  but  it  seems  no 
more  incredible  to  us  than  seemed  the  suggestion  to  our 
predecessors  a  century  ago  that  great  mountains  have  been 
utterly  destroyed  by  the  rains  and  snows  and  winds. 


XIV.  QUESTIONS 

1.  What  observations  would  prove  that  comets  are  not  in  the 
earth's  atmosphere,  as  tlie  ancients  supposed  they  wore? 

2.  Suppose  two  small  masses  ari>  moving  arnund  the  sun  in  the 
Bame  elongated  orbit,  but  that  one  is  somewhat  ahead  of  lbf>  other. 
How  will  their  distance  apart  vary  with  their  position  in  their  orbit 
(use  the  law  of  areas)  ?  Does  this  suggest  an  explanation  of  the 
variations  in  the  dimensions  of  comets'  heads  ? 

3.  The  velocity  of  a  comet  moving  in  a  parabolic  orbit  is  in- 
versely as  the  square  root  of  its  di-stane*^  from  the  sun.  At  the  dis- 
tance of  the  earth  a  comet  has  a  velocity  of  about  25  miies  per 
second.  What  is  the  distance  iM'twecn  the  comets  of  1843  and  1882 
when  they  are  lOO.CHK)  astronomieal  units  from  the  sun? 

4.  Suppose  the  particles  of  which  a  comet  is  composed  have 
almost  exactly  the  same  perihelion  point  but  somewhat  diflerent 
aphehon  points.  How  would  the  dimensioos  of  the  comet  vary 
with  its  poailion  in  it«  orbit  ? 

5.  By  means  of  Kepler's  third  law  compute  the  period  of  a 
comet  whose  aphelion  point  is  at  a  distance  of  140.000  astronomical 
units,  which  is  about  half  the  distance  of  the  nearest  known  stiu-. 

6.  What  objpction.s  arp  there  to  the  theory  that  originally  all 
cometB  had  an  aphelion  distance  equal  to  that  of  Neptune,  and  that 
the  orbits  of  sqme  have  been  increased  and  others  diminished  by  the 
action  of  the  planets  ? 

7.  On  the  repulsion  theory  should  a  comet's  tail  be  equally  long 
when  it  is  approaching  the  .sun  and  when  it  is  receding  ? 

8.  Draw  the  diagram  mentioned  in  theflrstparagraphof  Art.  203. 

9.  Count  the  number  of  meteors  you  can  observe  in  an  hour  on 
some  clear,  moonless  night. 

10.  If  possible,  observe  the  Leonid  or  Andromid  meteors. 

11.  Make  a  list  of  the  fairly  wotl-explained  cometary  phenomena, 
and  of  those  for  which  no  satisfactory  theory  exists. 


Fio.  136.  — Tbo  tower  Iclewotje  of  tlie  itt)liir  ohservutory  of  the  Carnegie 
Institution  of  Washinxton,  Puadena,  California. 
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210.  The  Problem  of  the  Sun's  Heat.  —  The  light  and 
heat  ra<liatofl  by  the  sun  are  essential  for  tlic  existaice  of  life 
on  the  earth,  and  eoiiseqiienUy  the  r|iiestinn  of  the  .source 
of  the  sun's  energj',  how  hing  it  ha.s  i>een  suppliwl,  and  how 
long  it  will  last  are  of  vita!  interest.  Not  only  are  these 
questions  of  importanee  hccaiiso  the  sun  is  the  dnmiiinnt 
meaiber  of  the  .scilar  system,  governing  the  motions  of  the 
planets  and  illuminating  and  heating  them  with  itvS  abun- 
dant rays,  but  also  bernusr  the  sun  is  a  star,  and  the  only 
one  of  the  hundreds  of  millions  in  the  sky  which  is  so  near 
that  its  surface  can  be  studied  in  detail. 

Obviously  the  first  thing  to  do  in  studying  the  heat  of  the 
sun  is  to  measure  the  amount  received  from  it  by  the  earth ; 
then,  the  amount  which  the  sun  radiates  can  be  computed. 
The  amount  of  lieat  given  out  by  the  sun  gives  the  h;i.«is  for 
determining  its  temperature.  Tlien  naturaUy  follows  the 
question  of  the  origin  of  the  sun's  heat.  The  answers  to 
these  que,stions  are  of  great  importanee  in  eonsidering  the 
the  evolution  of  the  sohir  system  and  the  stjirs. 

211.  The  Amoimt  of  radiant  Energy  received  by  the 
Earth  from  the  Sun.  —  Light  is  a  wave  motion  in  the  ether 
whose  wave  lengths  vary  from  about  ss:(m  oi  an  inch,  in 
the  violet,  to  about  ioiaoa  "f  an  inch,  in  the  red.  Radiant 
heat  differs  fmm  light  ]>hysirally  only  in  that  its  waves  are 
longer.  The  circumstance  that  human  eyes  are  sensitive 
to  ether  waves  of  certain  lengths  and  not  to  those  that  are 
longer  or  shorter  is,  of  course,  of  no  importance  in  discussing 
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the  physical  question  of  tlie  sun's  heat.  Consequently,  in 
the  problem  of  solar  radiation  rays  of  all  wave  lengths  are 
includetl,  and  together  they  constitute  the  radiant  energy 
emitted  by  the  sun. 

Physicists  have  de\ised  various  methods  of  measuring 
the  amount  of  energ>'  received  from  n  radiating  source. 
In  applying  them  to  the  jjroblcm  of  determining  the  amount 
of  energy  received  from  the  sun  the  chief  difficulty  consists 
in  milking  correct  allowiince  for  the  absorption  of  light  and 
heat  by  the  earth's  atmosphere.  The  best  results  have  been 
obtained  by  making  simultaneous  measurements  from  near 
sea  level,  from  the  summits  of  lofty  mountains,  and  from 
balloons.  Langley  measured  the  inten.sity  of  solar  radi- 
ation at  the  top  of  Mount  Whitney,  14,887  feet  above  the 
sea,  and  at  its  base.  He  arrivetl  at  the  conclusion  that  40 
per  cent  of  the  rays  striking  the  atmosphere  perpendicularly, 
when  it  is  free  from  clouds,  are  absorbed  before  they  reach 
the  surface  of  the  earth ;  later  investigations  have  reduced 
this  estimate  to  .35  per  cent.  The  work  initiated  by  Langley 
has  been  continuefl  most  successfully  by  Abbott,  Fowle,  and 
Aldrich,  and  they  find  that  the  rate  at  which  radiant  energy 
of  all  wave  lengths  is  received  by  the  earth  from  the  sun  at 
the  outer  surface  of  our  atmosphere  when  the  sun  is  at  its 
mean  distance  is,  in  terms  of  mechanical  work,  1.51  horse 
power  per  square  yard. 

The  earth  intercepts  a  cylinder  of  rays  from  the  sun  whose 
cross  section  is  equal  to  a  circle  whose  diameter  equals  the 
diameter  of  the  earth.  The  area  of  this  circle  is,  therefore, 
Tr^  where  r  equals  3955  X  1760  =  6,960,000  yards.'  Hence 
the  rate  at  which  solar  cnerg>-  is  intercepted  by  the  whole 
earth  is  in  rounil  number^;  2:iO,000,000,UOO,000  horse  power. 

In  the  evolution  of  life  upon  the  earth  the  sun  has  been  as 
important  a  factor  as  the  earth  itself,  Consequently,  geolo- 
gists and  biologists  have  a  deep  interest  in  the  .sun,  and  par- 

■  The  mean  raditu  of  the  earth  ia  3956  miles  and  there  are  1760  yarda  ia 
D  mile. 
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ticularly  in  the  question  whether  or  not  its  rate  of  radiation 
is  constant.  It  has  long  been  supposed  that  probably  the 
sun  is  slowly  eooliiig  off  am!  that  the  li)j;ht  and  heat  received 
from  it  are  gradually  diniiui.shiiig,  but  it  was  a  distinct  sur- 
prise when  Langley  and  Abbott  found  that  its  rate  of  radi- 
ation sometimes  varies  in  a  few  days  by  as  much  as  10 
per  cent.  If  a  change  of  this  amount  in  the  rate  of  radiation 
of  the  sun  were  to  persist  indefinitely,  tlieniean  temperature 
of  the  earth  would  be  changed  about  13"  Fahrenheit;  but 
a  variation  of  10  [ler  cent  for  onlj'  a  few  days  has  no  im- 
portant effect  on  the  climate,  .\bbott,  Fowle,  and  Aldrich 
have  continued  the  invc-stigation  of  this  ([uestion,  and  by 
making  ob.>*ervations  simultaneously  in  Algiers,  in  Washing- 
ton, and  in  California,  so  as  to  eliminate  the  effects  of  local 
and  transitory  atmospheric  conditions,  they  have  firmly 
established  the  reality  of  small  and  rapid  variations  in  the 
sun's  rate  of  radiation. 

The  question  of  variation  in  tlie  amount  of  energy  received 
from  the  sun  can  also  be  considere<!  in  the  light  of  geological 
evidence.  The  fo.ssils  pre.servcil  in  the  rocks  of  all  geological 
ages  prove  that  there  has  been  an  unbroken  life  chain  upon 
the  earth  for  many  tens  of  millions  of  years.  This  means 
that  during  all  this  vast  period  of  time  the  temperature  of 
the,  earth  has  been  neither  so  high  nor  so  tow  as  to  destroy 
all  fife.  Moreover,  the  recfird  is  clear  that,  in  spite  of  glacial 
epochs  and  intervening  warmer  eras,  the  temperature  changes 
have  not  been  very  great,  and  there  is  no  evidence  of  a  pro- 
gressive cooling  of  the  s\m. 

212.  Sources  of  the  Energy  used  by  Man.  —  One  of  the 
earliest  extensive  .sources  of  energy  for  mechanical  work  used 
by  man  was  the  wind.  It  has  turned,  and  still  turns,  mil- 
lions of  windmills  for  driving  machinery  r»r  pumi)ing  water. 
Until  the  last  few  decaiies  it  moved  nearly  all  of  the  ocean- 
borne  commerce  of  the  wliole  world,  and  it  is  still  an  impor- 
tant factor  in  shipping.  But  that  part  of  the  energy  of  the 
wind  which  is  used  is  an  insignififant  fraction  of  all  that 
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exists.  For  exampli',  if,  in  a  breeze  blowing  at  the  rate  of 
20  milevS  an  hour,  all  the  energj'  in  the  air  crossing  an  area 
10(J  feet  square  perpemiicular  to  its  direction  of  motion  were 
used,  it  wouid  do  alwut  5G0  horse  power  of  work. 

What  is  the  origin  of  the  energj-  in  tiie  wind?  The  sun 
warms  the  atmosphere  over  the  equatorial  regions  of  the 
earth  more  than  that  over  the  higher  latitudes,  and  the 
resulting  convection  currents  constitute  the  wind.  Con- 
sequently, all  the  energj'  in  every  wind  that  blows  came  orig- 
inally from  the  sun. 

Another  source  of  energy  which  has  been  of  great  practical 
value  is  water  power.  The  source  of  this  energy  is  also  the 
sun,  because  the  sun's  heat  evaporates  the  water  and  raises 
it  into  the  air  a  half  mile  t)r  more,  the  winds  carry  part  of 
it  out  over  tfic  land,  where  it  falls  as  rain  or  snow,  and  in 
descending  again  to  the  ocean  it  may  now  and  then  ])lunge 
over  a  precipice,  where  its  energy  can  l>e  utilized  by  men. 
Amazing  as  are  the  figures  for  such  great  waterfalls  as 
Niagara,  they  give  but  a  faint  itlea  of  the  enormous  work  tJie 
sun  hijs  done  in  raising  water  into  the  sky,  and  the  equally 
great  amount  of  work  the  water  does  in  falling  back  to  the 
earth.  During  a  heavy  rain  an  inch  of  wat:T  may  fall. 
An  inch  of  water  on  a  square  mile  weighs  over  60,(K)0  tons. 
In  the  eastern  half  of  the  United  States,  where  the  annual 
rainfall  is  about  H.i  inches,  every  year  over  2,(XJ(J,(XK)  tons  of 
water  fall  on  each  .square  mile  from  a  height  of  half  a  mile  or 
more. 

The  great  modern  source  of  energj'  for  mechaiucal  work  is 
coal.  The  coal  has  formed  from  vegetable  matter  which 
accumulated  in  peat  beds  ages  and  ages  ago.  Consequent Ij', 
the  inimeiliate  .sourci?  of  it-s  energy  is  the  plants  out  of  wliich 
it  has  develo])ed.  But  the  i>lants  obtaine<l  their  energj'  from 
the  sun.  In  millions  of  finy  cells  the  sun's  energj'  broke 
up  the  carlwn  dioxide  which  they  inhaled  from  the  atmos- 
phere; then  the  oxygen  wa.s  exhaled  and  the  carbon  was 
stored  up  in  their  tissues.     When  a  plant  is  burned,  as  much 
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energy  is  developed  and  given  up  again  as  the  sun  put  into 
it  when  it  grew. 

Thus  it  is  seen  that  ail  the  great  sources  nf  energy  can  i)c 
tra<'ed  back  to  the  sun ;  it  is  true  of  tiie  minor  ones  also. 
One  naturally  inquires  whether  these  sources  of  energy  arc 
perpetual.  The  winds  will  certainly  continue  to  Idow  and 
the  rains  to  descend  as  long  jus  the  eiirth  and  sun  exist  in 
their  present  conditions,  hut  the  coal  and  petroleum  will 
eventually  he  exhausted.  They  will  last  several  centuries 
and  perhaps  a  few  thousand  years.  This  [XTiod  seems  lung 
compared  to  the  lifetime  of  an  individual,  or  perhaps  of  a 
nation,  hut  it  is  only  a  minute  fraction  of  the  litnr  <luring 
which  our  successors  will  prohaltly  occupy  the  earth.  It 
follows  that  they  will  be  eorapelled  to  depend  upon  sources 
of  energy  at  present  hut  little  irtilized.  Perhaps  some  great 
benefactor  of  mankind  will  discover  a  means  of  putting  to 
direct  use  the  enormous  quantities  of  energy  which  the  sun 
is  now  sending  to  the  earth.  At  present  we  are  dej)en(ling 
on  that  infinitesimal  residue  of  the  energj-  which  the  earth 
received  in  earlier  ge<jlogical  times  and  which  has  been 
stored  up  and  [)reserve<l  in  pi'trnlcinn  and  ci>al. 

213.  The  Amount  of  Energy  radiated  by  the  Sun.  — 
The  earth  a.s  seen  from  the  sun  suhten<ls  an  angle  f)f  only 
17". 6.  That  is,  it*  apparent  area  is  aluHit  ^  the  greatest 
apparent  area  of  Venus  as  seen  from  the  earth.  A  glance 
at  Venus  will  show  that  this  is  an  exceeilingly  small  part  of 
the  whole  celestial  sjihere.  Since  the  little  earth  at  a  dis- 
tance of  93,000,000  of  miles  receives  the  enormous  quantity 
of  heat  given  in  Art.  211,  it  follows  that  the  amount  which 
is  radiated  by  the  sun  must  be  inconceivable.  It  can  be 
brought  within  the  range  of  our  understanding  only  by  con- 
templating some  of  the  things  it  might  do. 

The  energj'  radiated  per  square  yard  from  the  sun's  surface 
is  equivalent  to  70,000  horse  power.  This  amount  of  heat 
energy  would  melt  a  layer  of  ice  2200  feet  thick  every  hour 
all  over  the  surface  of  the  sun  ;  and  it  would  melt  a  globe  of 
2a 
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ice  as  large  as  the  earth  in  2  hvusv  and  40  minutes.  Less 
than  one  two-ljiilionth  of  the  energj'  pouretl  forth  by  the  sun 
is  intfTcepted  by  the  earth,  anil  less  than  ten  times  this 
amount  by  all  the  planets  together;  the  remainder  travels 
on  through  the  ether  to  the  regions  of  the  stars  at  the  rate 
of  18H.0Ofl  miles  per  second. 

214.   The  Temperature  of  the  Sun.  —  Stefan's  law  (Art. 
172)  that  a  hlaek  lx)dy  radiates  as  the  fourth  power  of  it« 
ah.xolute  temperature,  gives    a    basis   for   determining   the 
temperature  uf  a  body  whose  rate  of  radiation  is  known. 
While  the  sun  is  probably  not  an  ideal  radiator,  such  as  is 
eontemplatcd  in  the  statement  of  Stefan's  law,  and  while 
it  railiatcs  from  layers  at  various  depths  below  its  surface, 
with  the  upper  layers  ab.iorbing  part  of  the  energy  coming 
from  the  lower,  yet  an  appniximate  idea  of  the  temperature 
of  its  radiating  layers  can  be  obtained  from  its  rate  of  radi- 
ation.    On  u.sing  Stefan's  law  as  a  ba.iis  for  computation,  it 
is  found  that  the  temperature  of  thi-  radiating  layers  of  the 
sun  is  at  least   lO.lKMJ'  Fahrenheit.     Or,  it  would  be  more 
accurate  to  say  that  an  ideal  radiating  surface  at  this  tem- 
perature would  have  the  same  rate  of  radiation  a.s  the  sun, 
and  .since  the  sun  is  not  a  perfect  radiator,  its  temperature 
is  probably  still  higher.     This  temperature  is  several  thou- 
sand degrees   higher  than   lias  been  obtained  in   the  most 
efficient  electriea!  furnaces,  and  is  far  beyond  that  required 
to  melt  or  vajiorize  any  known  terrestrial  substance ;  yet, 
the  temperature  of  the  interior  of  the  sun  is  imdoubtedly 
far  higher. 

Another  method  of  determining  the  temperature  of  the 
sun  is  from  t!ie  proportion  of  energ}'  of  different  wave  lengths 
which  it  radiates.  A  body  of  low  temperature  radiates 
relatively  a  large  amount  of  red  light  and  a  small  amoimt  of 
blue  light.  As  the  temperature  rises  the  relative  proportion 
of  blue  light  increa.ses.  The  uncertainties  in  the  results  ob- 
tained by  this  method  of  determining  the  temperature  of 
the  sun  arise,  in  the  first  place,  from  the  fact  that,  at  the 
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best,  it  is  not  very  precise,  and,  in  the  second  place,  from  the 
fact  that  both  the  sun's  and  the  earth's  atmospheres  absorb 
very  uneciually  radiant  cnergj'  of  various  wave  lengths. 
After  making  the  necessary  allowances  for  the  absorption, 
the  results  obtained  by  this  method  confirm  those  found  by 
the  other. 

There  have  been  a  number  of  other  methods  of  obtaining 
the  temperature  of  the  sun  from  the  time  of  Newton,  but 
most  of  them  have  rested  on  physical  principles  which  are 
unsound,  and  in  some  cases  they  liave  leil  to  most  extravagant 
results. 

216.  The  Principle  of  the  Conservation  of  Energy.  —  Be- 
fore taking  up  the  tjuestion  of  the  origin  of  the  sun's  heat, 
it  is  ad\'isable  to  consider  the  principle  of  the  conservation 
of  energj".  It  is  <'(iniparable  in  importance  and  generality 
to  the  principle  of  the  conservation  (indesliuetiiiility)  of 
matter.  It  was  once  suppose*!  that  when  inHammable  ma- 
terial, as  wood,  is  l)urncd,  it  is  utterly  annihilate<I.  But  it 
haji  been  known  for  about  IM  years  that  if  the  ashes,  the 
smoke,  and  the  gases  produced  by  the  combustion  were  all 
gathered  up  and  weighed  in  a  vacuum,  their  weight  would 
exactly  equal  that  of  the  original  wood  together  with  the 
oxygen  which  united  with  it  in  burning. 

Similarly,  it  was  supposi-d  until  after  1840  that  energy 
might  be  destroyeil  as  well  as  transformed.  For  example, 
it  was  supposed  that  the  energy  lost  by  friction  cea.sed  to 
exist.  But  it  had  been  noted  that  fricticm  producetl  heat, 
and  heat  was  kiunvii  to  be  equivalent  to  mechanical  energy, 
for  it  had  been  turne<I  into  work,  for  example,  by  means 
of  the  steam  engine.  It  dues  not  seem  now  to  have  been 
a  large  step  to  have  conjectured  that  the  heat  produced  by 
the  friction  is  exactly  equivalent  to  the  energj*  lost.  But 
many  elaborate  experiments  were  required  (made  mostly  by 
Mayer  and  .loule)  to  prove  the  correctness  of  this  conjecture 
and  to  lead  to  the  generalization,  now  universally  accepted, 
that  the  total  am&uni  of  energy  in  the  universe  is  always  the 
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same.  This  is  uiu-  of  tlii'  most  far-reaching  principles  of  sci- 
ence, and,  like  the  law  of  gravitation,  is  involved  in  every 
phenomenon  in  which  there  is  motion  of  matter. 

Tlif  encri^j'  of  a  body  as  used  in  the  principle  of  the  con- 
servation of  energj'  means  both  its  energj'  of  motion  (kinetic 
energy)  and  also  its  enorpy  of  ]iosition,  or  the  power  it  may 
have  of  doing  work  Ijccause  of  its  jMjsition  (potential  energy). 
It  is  the  sum  of  the  potential  and  kinetic  energies  of  the 
universe  which  is  constant.  Since  onerg>'  may  he  in  a  radi- 
ant form  and  in  transit  from  one  body  to  another,  or  from 
a  body  out  into  endless  space,  the  principle  holds  only  when 
the  enerp;.v  which  is  in  the  ether  is  alst>  in<'luded. 

216.  The  Contraction  Theory  of  the  Suns  Heat.  —  The 
mutual  attraction.s  of  the  particles  of  which  the  sun  is  com- 
posed teml  to  I'Htisc  if  to  contract.  A  oimtraction  of  the  sun 
would  ho  ('((uivak'nt  to  a  fall  of  all  of  its  particles  toward 
its  center.  If  they  should  fall  the  whole  distance  one  at  a 
time,  they  woukl  generate  :i  certain  amoinit  of  heat  ujxin 
their  imi)acts.  If  they  should  fall  simultaneously,  first  a 
fraction  of  the  distance  and  then  another,  the  same  total 
amount  of  heat  would  be  generated.  It  might  be  supposed 
without  fiiniptitation  that  an  enormous  contraction  would 
be  necessary  in  order  to  |)rodnce  enough  heat  to  chanfi 
apprei'irdily  the  temperature  <tf  the  sun. 

The  cfTect  of  the  sun's  cuntrai'tion  can  be  con.sidered  more 
exactly  in  terms  of  encrgj'.  The  sun  in  an  expanded  con- 
dition W()ul(l  have  more  potential  energj-  with  respect  to 
the  force  ttf  gravitation  than  if  it  were  eontraele<l,  because 
work  would  be  done  on  it  by  gravitation  in  changing  it  from 
the  first  state  to  the  sec'ond.  Therefore  the  kinetic  energ>', 
or  tem|)erature,  of  the  sou  iimst  rise  on  its  contraction.  It 
is  analogous  to  a  falling  Ixtdy.  The  higher  it  is  above  the 
surface  of  the  earth,  the  greater  its  iwtential  energy ;  the 
farther  it  falls,  the  more  jKjtential  energ\'  it  loses  and  the 
more  kinetic  energy  it  acquires. 

The  problem  is  to  determine  whether  the  contraction  of 
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the  sun  might  not  supply  it  with  heat  to  take  the  pliice  of 
that  which  it  radiate.><  so  lavishly.  With  the  insight  of 
gt-nius,  Hehiiholtz  saw  the  nature  of  the  question  ami  fore- 
saw its  probable  an.swer.  In  1854,  at  a  cek^mition  in  com- 
luemorution  of  the  philosopiier  Kant,  he  gave  a  solution  of 
the  problem  under  the  ai^suniption  that  the  sun  contracts 
in  such  a  way  tus  to  remain  always  liomogerieous.  With 
our  present  datu  regarding  its  rate  of  radiation,  its  volume, 
and  its  msuss,  it  is  fuund  liy  the  methoils  of  Heimholtz  that, 
under  the  assumption  that  it  i.s  homogeneous  and  remains 
homogeneous  during  its  shrinking,  a  contraction  of  its  radius 
of  120  feet  per  year  would  jtrodur'e  as  much  heat  as  it  radi- 
ates annually.  Thi;-  contraction  is  so  small  that  it  could 
not  be  detected  from  the  distance  of  the  earth  with  our  most 
powerful  telescoiH's  in  less  than  ID.OOO  years. 

So  far  in  this  di.scussion  it  has  been  a.ssunu'd  that  the  sun 
contracts,  and  the  consequences  of  the  contraction  have  been 
de<luce<l.  It  remains  to  consider  the  fpicstion  whether  under 
the  condition.s  whii'h  prevail  it  actually  docs  cuntract.  The 
reason  it  does  not  at  once  shrink  under  the  mutual  gravita- 
tion of  it.s  parts  is  that  its  high  temperature  gives  it  a  great 
tendencj'  to  expand.  As  it  radiules  energj'  into  .space  it« 
temperature  doubtless  falls  a  little ;  the  decrease  in  tem- 
perature permits  it  (i>  c'ontraet  a  little;  the  contraction  j)ro- 
duces  heat  which  momentarily  restores  the  equilibrium; 
and  so  on  in  an  entlless  cycle.  This  conclusion  is  certainly 
correct,  as  Ritter  and  Lane  pn>vetl  about  1S70,  provided 
the  sun  behaves  as  a  monatomic  gaseou.s  body.  Moreiiver, 
Lane  established  the  fact,  known  as  Lime's  paradox,  that 
so  long  as  a  pun'ly  gaseous  b(»!y  cools  and  contracts,  its 
temperature  rises,  because,  with  decreasing  volume  :uid 
greater  concentration  of  matter,  the  gravitational  forces 
can  withst.and  stronger  expansive  tendencies  due  tn  high 
temperature.  If,  vvilli  increasing  cimeentration,  the  laws  of 
gases  fail  l)ocause  the  deep  interior  becomes  liquid  or  solid, 
the  temperature  might  no  longer  increase. 
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The  question  of  the  variation  in  the  rate  of  radiation  of  a 
contracting  sun  with  increasing  age  is  an  important  one. 
Lane  showed  that,  so  long  as  the  sun  obeys  the  law  of  gases, 
its  temperature  is  inversely  as  its  radius.  By  Stefan's  law 
the  rate  of  radiation  is  proportional  to  the  fourth  power  of 
the  abstvlute  temperature.  Consequently  the  rate  of  radi- 
ation, per  unit  area,  of  a  contracting  gtweous  sphere  is  in- 
versely as  the  fourth  power  of  it8  radius.  But  the  whole 
radiating  surface  is  proixjrtional  to  the  square  of  the  radius. 
Therefore  the  rate  of  radiation  of  the  entire  surface  of  a 
contracting  gaseous  .sphere  is  inversely  as  the  square  of  its 
radius.  Tliat  is,  according  tu  this  thcorj',  the  earth  received 
continually  more  and  more  heat  until  the  sun  ceased  to  \>e 
perfectly  gaseous,  if,  indeed,  it  has  yet  reached  that  stage. 
Wlicn  the  sun's  radius  was  twice  a.s  great  a-s  it  is  at  present 
it  gave  the  earth  one  fourth  as  much  heat,  and  the  theoretical 
temperature  of  the  earth  (Art,  172)  was  about  200  degrees 
lower  than  at  present. 

217.  Other  Theories  of  the  Sun's  Heat.  —  A  number  of 
other  hypotheses  as  to  the  source  of  the  sun's  energj'  have 
been  advanced,  but  ihey  are  all  inadequate.  They  will  be 
enumerated  here  in  order  that  the  reader  maj'  not  suppose 
that  they  are  important,  and  that  astronomers  have  failed 
to  consider  them. 

The  most  obvious  suggestion  is  that  the  sun  started  hot 
and  is  simply  cooling.  If  it  had  the  very  high  specific  heat 
of  water,  at  its  present  rate  of  radiation  its  mean  temperature 
would  fall  2.57  degrees  annually.  On  refemng  to  its  present 
temperature,  it  is  seen  that  its  radiation  could  not  continue 
more  than  a  few  thousand  years,  and  that  a  few  thousand 
years  ago  it^  rate  of  radiation  must  have  been  several  times 
that  at  present.  These  results  are  absurd  and  show  the 
falsity  of  the  suggestion. 

It  is  natural  to  associate  heat  with  something  burning, 
and  one  naturally  inquires  whether  the  heat  of  the  sun 
cannot  be  accounted  for  by  the  combustion  of  the  matorial 
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of  which  it  is  composed.  In  considering  this  hypothesis  the 
first  thing  to  he  noted  is  that  the  same  material  will  bum 
only  once.  It  is  found  from  the  nmount  of  heat  produced 
by  coal  that  if  the  sun  were  entirely  made  up  of  the  best 
anthracite  coal  and  oxygen  in  such  proportion  that  when 
the  combustion  was  completed  there  would  be  no  re.sidue 
of  either,  the  heat  generated  would  supply  the  present  rate 
of  radiation  le.ss  than  l.iOO  years.  If  none  of  the  heat  pro- 
duced by  the  combustion  were  radiated  away,  and  if 
the  specific  heat  of  the  sun  were  unity,  the  temperature  of 
the  sun  would  rise  to  only  alxnit  one  third  of  its  present 
value.  Consequently  this  theory  is  even  less  satisfactory 
than  the  preceding. 

Shortly  aft<>r  the  di.scovery  of  the  law  of  the  conservation 
of  energ>'  the  large  amount  of  heat  generated  by  the  impact 
of  meteors  was  established.  The  heat  generate<l  by  a 
meteor  striking  into  the  earth's  atmosphere  at  the  average 
rate  of  2.5  miles  per  second  is  about  100  times  as  great  as 
would  be  produced  l)v  its  combustion  if  it  were  oxygen  and 
anthracite  coal.  A  meteor  would  fall  into  the  sun  from 
the  distance  of  the  earth  with  a  velocity  of  about  380  miles 
per  second,  and  since  the  energy  is  proportional  to  the  square 
of  the  velocity,  the  heat  generated  would  be  about  23,000 
times  that  produced  by  the  combustion  of  an  equal  amount 
of  carlxm  and  oxygen.  Lord  Kelvin  supposed  that  po.ssibly 
enough  meteors  strike  into  the  sun  to  replenish  the  energy 
it  loses  by  radiation. 

A  complete  answer  to  the  meteoric  theory  of  the  sun's 
heat  is  that  it  requires  an  impossibly  large  total  maas  for 
the  meteors.  They  could  not  possibly  exist  in  sufficient 
numbers  within  the  earth's  orbit ;  and,  if  they  came  from 
without,  they  would  strike  the  earth  in  enormously  greater 
numbers  than  are  observed.  In  fact,  computation  shows 
that  if  the  heat  of  the  sun  were  due  to  meteors  coming  into 
it  from  all  directions  and  from  beyond  the  earth's  orbit,  the 
earth  would  receive  -^  as  much  heat  directly  from  the 
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meteors  as  it  receives  from  the  ^^uii.  This  is  millions  of  times 
more  heat  than  the  earth  receives  from  meteors,  and,  conse- 
quently, the  thecjry  that  the  sun's  heat  is  maintained  by  the 
iinpiU't  of  mctiHjps  is  untciKihlc. 

218,  The  Past  and  the  Future  of  the  Sun  on  the  Basis 
of  the  Contraction  Theory.  —  The  contraetion  theory  of 
the  ^un's  heat  is  the  only  one  of  those  considered  which 
even  begins  to  satisfy  the  conditions  a  successful  theory  must 
meet.  If  it  is  the  only  itn[W)rt;int  source  of  the  sun's  heat, 
it  is  possible  to  determine,  at  least  roughly,  how  long  the 
sun  can  have  been  radiating  at  its  present  rate,  and  how 
lonR  it  can  continue  tn  radiate  in  the  future. 

Computation  shows  thiit  if  the  sun  had  contracted  from 
iniimte  expansion,  the  widest  possible  dispersion,  the  total 
amount  of  heat  generated  would  liaveljcen  less  tlian 20, fXMl.OOO 
times  the  nmount  now  radiated  annually.  If  it  had  con- 
tracted only  from  the  tlistance  of  the  earth's  orbit,  the  amount 
of  heat  that  wnuld  have  been  generatefl  would  have  been 
about  one  liatf  of  one  per  cent  le.ss.  Therefore,  according 
to  the  contraction  theory,  the  earth  can  have  received  heat 
from  the  sun  at  its  present  rate  only  about  20,000,000 
years.  If  the  sun  is  .strongly  condensed  at  its  center,  this 
time  limit  should  be  increased  al)out  5,000,000  years. 

In  the  future,  acfording  to  this  thrsiry,  the  sun  will  con- 
tract more  and  nifirc  until  it  ceases  to  be  gaseous.  Probably 
by  the  time  its  mean  density  equals  5  its  temperature  will 
begin  to  fall.  A  r<mtraction  to  this  density  will  produce 
enough  heat  t«  supply  the  present  rate  of  radiation  only 
10,000,000  years.  Then,  if  the  sun's  contraction  is  Uie  only 
■iinportiiid  .viiircr  i>f  its  eiiergii.  its  temperature  will  begin  to 
fall,  its  rate  of  ra<[i!iti()n  will  diminish,  the  temperature  of 
the  earth  will  gradually  decline,  and  all  life  on  the  earth  will 
eventually  become  extinct.  The  sun,  a  dead  and  invisible  ma.ss, 
will  speed  on  through  space  with  its  retinue  of  lifeless  planets. 

219.  The  Age  of  the  Earth.  —  After  the  development  of 
the  contraction  theory  of  the  sun's  heat,  physicists,  among 


whom  Lord  Kelvin  wiis  fspet'ially  prominent,  informed  the 
geologists  and  biologist-s  in  rather  arbitrary  terms  that  the 

rth  was  not  more  than  25,0()0,(X>(.)  years  of  age,  and  that 
the  great  series  of  changes  with  wliich  their  sciences 
hud  made  them  familiar  must  have  taken  place  within  this 
time.  But  no  one  science  or  theory  should  he  placed  above 
all  others,  and  other  lines  of  eviilence  as  to  the  age  of  the 
earth  are  entitled  to  a  full  hearing.  If  they  should  un- 
mistakably agree  that  the  earth  is  much  more  than  2n,t)nO,000 
years  of  age,  the  inevitable  conclusion  would  be  that  the 
contraction  theory  is  not  the  whole  truth.  This  is  a  matter 
of  the  greatest  importance,  for  not  only  is  it  at  the  founda- 
tion of  the  interpretation  of  geological  und  biological  evolu- 
tion, but  it  bears  vitally  on  the  question  of  the  age  of  the 
stars  and  on  the  past  and  the  future  of  the  sidereal  universe. 

One  of  the  simplest  methods  emjjloyed  by  geologists  for 
determining  the  age  of  the  earth  is  that  of  computing  the 
time  necessary  for  the  oceans  to  acquire  their  salinity.  The 
rivers  that  flow  into  the  ocejiiis  carry  to  them  various  kinds 
of  salts  in  solution  ;  the  water  that  is  evaporateti  from  them 
leaves  these  minerals  behind,  (^jnseciuently  the  salinity  of 
the  oceans  continually  increases.  It  is  clear  that  it  is 
poasihle  to  compute  the  age  of  the  oceans  from  the  present 
amount  of  salt  in  them  and  the  rate  at  which  it  is  being 
carried  into  them.  Of  course,  it  is  neces.sary  to  make  some 
assumptions  regarding  the  rate  at  which  salt  was  carried  to 
the  sea  in  earlier  ge(il(>gical  ages.  The  last  factor  is  some- 
what uncertain,  but  this  method  has  led  to  the  conclusion 
that  the  interval  which  has  elapsed  since  the  oceans  were 
forme<i  aufl  salt  bi'^au  to  be  carritni  down  into  them  is 
more  than  tJO,0(H),(M)0  years,  and  that  it  is  proljabl}-  from 
90.000,000  to  140,fH>f),()00  years. 

Nearly  all  the  rocks  that  tire  exposefl  on  the  .surface  of 
the  earth  are  stratified.  This  means  that,  on  the  whole, 
they  have  been  formed  from  silt  cnrrie4i  by  the  wind  and 
water  and  deposited  on  the  bottoms  of   lakes  or  oceans. 
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These  stratified  deposits  are  in  many  places  of  enormous 
thickness.  When  it  is  remembered  that  the  present  rocks  are 
usually  not  the  result  of  the  simple  disintegration  and  dep- 
osition of  the  original  earth  materiul,  but  that  most  cf  them 
have  been  repeatedly  broken  up  and  redeposited,  it  is  evi- 
dent that  the  time  required  for  the  great  stratification  which 
is  now  observed  is  enormous.  There  is  obviously  much  chance 
for  divergence  of  views  regarding  the  rales  at  which  the^'e 
processes  have  gone  on,  but  nearly  every  calculation  on  this 
basis  has  led  to  the  conclusion  that  the  time  since  the  dis- 
integration and  stratification  of  the  earth's  rocks  began  is 
at  least  100,0UU,0U0  years,  and  most  of  them  have  reached 
much  larger  figures.  The  disintegration  and  total  destruc- 
tion of  mountains  and  plateaus  is  a  closely  relatetl  process 
and  leads  to  the  same  results. 

The  rocks  of  the  earliest  geological  formations  contain 
only  a  few  fossils,  and  they  are  of  primitive  forms  of  fife. 
Later  rocks  contain  the  remains  of  higher  forms  of  plants 
and  animals,  until  finally  the  vertebrates  and  the  highest 
types  existing  at  the  present  time  are  found.  Obviously 
an  enormous  interval  of  time  has  been  retiuired  for  all  this 
great  series  of  changc-s  in  life  forms  to  have  taken  place,  but 
it  is  difficult  to  niaki'  a  numerical  estimate.  Hnxley  gave  the 
question  much  attention  and  thought  a  billion  years  would  be 
necessary  for  the  evolution.  Thr  recent  discovery  of  muta- 
tion has  shown  that  the  ])rocess  of  evolution,  at  least  in  plants, 
may  be  more  rapid  than  he  supposed  ;  but,  on  the  whole, 
biologists  feel  that  the  contraction  theory  of  the  sun's  heat 
sets  much  too  restricted  limits  for  the  age  of  the  earth. 

The  most  recent,  and  possibly  the  best,  method  of  arriv- 
ing at  the  age  of  the  earth  has  followed  the  discovery  of  radio- 
active substances.  Uranium  degenerates  by  a  slow  breaking 
up  of  its  atoms  in  which  radium,  lead,  and  helium  are  evolvetl. 
From  the  relative  proiMtrtinns  of  these  products  in  certain 
rocks  it  is  pos.sible  to  compute  the  time  during  which  de- 
generation has  been  going  on  in  them.     This  method  has  led 
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to  a  greater  age  for  the  earth  than  any  other.  Strutt,  in  Eng- 
land, Boltwowl,  of  Yale,  ami  niiiny  others  hsive  given  this 
method  a  large  amount  of  study,  and  have  obtainwl  figures 
reaching  up  into  several  hundredn  nf  million.s  of  3-ears. 
Boltwood,  especially,  has  found  that  the  geologically  older 
rocks  show  greater  antiquity  by  this  methotl  of  determining 
their  age,  and  he  reaches  the  conclusion  that  some  of  them 
are  nearly  2, (M)0, 000,000  years  old. 

It  i:<  difficult  to  reach  a  positive  conclusion  regarding  the 
age  of  the  earth  from  this  conflicting  evidence.  The  geo- 
logical methods  point  to  .'ui  age  for  the  earth  since  erosion 
began  of  at  lesvst  100,(X>0,000  years.  Geologists  do  not  see 
how  the  fact.s  in  any  rif  their  lines  of  attacking  the  problem 
can  be  brought  into  harmony  with  the  theory  that  the  sun 
hu-s  been  furnishing  light  and  heat  to  the  earth  for  only 
2.5,000,000  ^a-ars.  This  discrepancy  between  their  figures 
and  tho.se  given  by  the  contraction  theory  cannot  be  ig- 
norwl,  and  therefore  we  are  forceti  to  the  conclusion  that 
the  sun  has  other  important  sources  of  heat  energj'  besides 
it.s  contraction.  .\.side  from  this,  the  fact  that  a  contract- 
ing ga-seous  ma.ss  railintes  inversely  as  the  square  of  its 
radius  gives  a  distribution  of  the  ra<ltation  of  solar  energy 
altogether  at  variance  with  geological  evidence. 

A  possible  source  of  energj'  for  the  sun  which  has  not  been 
considered  here  as  yet  is  that  liberated  in  the  degeneration 
of  radioactive  elements.  It  is  not  certain  that  uranium  and 
radium  exist  in  the  aun,  but  helium,  which  is  one  of  the 
pro<lucts  of  the  disintegration  of  these  elements,  exists  there 
in  abundance ;  in  f.act,  it  is  called  helium  because  it  was 
first  discovered  in  the  .sun  (Greek,  heh'm  =  nun),  and  gives 
presumptive  evidence  of  uranium  and  radium  being  there, 
too.  The  disintegration  nf  uranium  and  radium  is  accom- 
panied by  the  evolution  of  an  enormous  quantify  of  heat, 
the  energy  liberatetl  by  radium  being  aliout  2(30,000  times 
that  produ<-ed  by  the  combustion  of  an  equal  weight  of  coal 
and  oxj'gen.    These  results  are  startling,  and  at  first  it 
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seems  that  if  a  small  fraetion  nf  the  sim  were  radium  or 
uranium,  its  nuliatioii  of  etu'igy  would  he  almost  indefinitely 
prolonged. 

If  one  part  in  8(MI,00()  of  the  sim  were  radium,  heat  would 
be  produced  from  I  his  source  aloiip  as  fast  as  it  is  now  heing 
radiated,  but  in  less  than  2U(iO  j-ears  half  of  the  radium  would 
be  gone  and  the  prodnrtif>n  of  heat  would  enrrespondingly 
diminish.  Or,  to  go  bai-kward  in  time,  only  2000  years 
ago  the  amount  of  radium  wouhl  have  been  twice  sis  great 
as  at  pre.sent,  and  the  production  of  heat  would  have  been 
twice  as  rapi<l.  Sinct-  this  conclusion  is  not  in  harmony 
with  the  facts,  the  hypothesis  that  the  sun's  heat  is  largelj' 
due  to  the  disintegration  of  rndiuni  is  untenable. 

Now  consider  uranium,  which  degenerates  3,000,000 
times  more  slowly  than  radium.  In  the  case  of  this  element 
the  slowness  of  the  rate  of  degeneration  presents  a  difficulty. 
If  the  sun  were  entirely  uranium,  heat  would  not  be  pro- 
fluced  more  than  one  third  as  fast  as  it  is  now  being  radi- 
ated. But  in  the  deep  interior  of  the  stm  where  the  tem- 
perature utifi  pressure  are  ineonceivafily  high,  the  release  of 
the  subatomic  energies  may  po.ssitily  be  much  more  rapid 
than  under  laboratory  conditions,  and  the  process  may  not 
be  confined  to  the  elements  which  are  radioactive  at  the  sur- 
face of  the  earth.  There  is  no  laboratory  experience  to  sup- 
port this  suggestion  because  within  the  range  of  experiment 
the  rates  of  the  radioactive  processes  have  been  found  to 
lie  indi'iK'iident  of  temperature  and  other  physical  con- 
ditions. But,  if  there  is  soniething  in  the  suggestion,  and 
especially  if  under  the  eon«Iitions  prevailing  in  the  sun  the 
subatomic  energies  of  all  elements  are  released,  the  funount 
of  energy  may  be  sufficient  for  hundreds  and  even  thou-sands 
of  millions  of  years.  But  at  on<'e  the  (juestion  regarding  the 
origin  of  the  subatomic  energies  arises,  and,  at  present,  there 
is  no  answer  to  it. 
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QUESTIONS 

1.  How  many  horse  power  of  energy  per  inhabitant  is  reoeivpd 
by  the  earl  h  from  llie  suu  ? 

2.  What  is  the  averafje  amount  of  energy  ptr  square  yard  re- 
ceived by  the  whole  earth  from  the  sun  7 

3.  Dooa  the  energj'  which  is  manifested  in  the  tides  eume  from 
the  sun?     What  becomes  of  the  energy  in  the  tides? 

4.  What  be<'oiiies  of  that  part  of  the  sun's  energ>'  whieh  is 
absorbed  by  the  earth's  attiiosphere? 

5.  If  the  earth's  atmosphere  aiisorba  35  per  cent  of  the  energy 
which  comes  to  it  from  the  sun,  how  can  the  atmnsphcrt'  cause  the 
temperature  of  the  earth's  surface  to  lie  higher  tiian  it  wouhi  other- 
wise be  ? 

6.  Show  from  the  ratt«  at  ttliiidi  the  earth  receives  energy  from 
the  sun,  the  size  of  the  sun,  and  the  earth's  distance  from  the  sun, 
that  the  sun  radiat.es  70,01X1  horse  power  of  energj-  per  square 
yard. 

7.  Taking  the  earth's  mean  temperature  as  (it>°  F.  and  thi>  niles 
of  radiation  of  the  earth  (see  question  '-)  and  of  the  sun,  compute 
the  temperature  of  the  sun  on  the  Imsis  of  .Stefan's  hiw. 

8.  All  scientists  agri»e  that  the  earth  is  more  than  .5,(X)(),0(J() 
years  old.  On  the  hyiwthesis  that  the  iHinlraetion  of  the  suu  is  its 
only  source  of  heal,  and  that  tiuring  the  last  ."),t)0().IX)((  years 
it  has  radiated  at  its  present  ral^e,  what  wen<  its  radius  and  density 
at  the  beginning  of  this  iK'riod?  On  the  ba.sis  of  Ijane's  law,  what 
was  its  temperature?  On  the  ba.sis  of  Stefan's  law.  what  was  its 
nit4>  of  radiation  per  unit  area  and  as  a  whole?  ( )n  the  basis  of  the 
method  of  Art.  172,  what  was  tlie  mean  tempera  lure  of  the  earth? 

II.   Spectrum  Analysis 

220.  The  Nature  of  Light.  —  In  nrder  to  comprphonri 
the  [)iiiicipl('.s  of  sped  nun  aiKily.siH  it  is  nPfos.sary  It)  iiiHlcr- 
staiid  the  nature  of  light.  A  profuiinri  .sttuiy  of  the  fun- 
damental propertie.s  of  lijilit  vva.s  Ijcgtin  by  Newton,  but, 
unfortunately,  .some  of  hi.s  ba.sal  conelusions  were  quite 
erroneous.  Thomas  Young  (177.3-1829)  laid  the  foundation 
of  the  modern  tindiilafory  theory  of  light.  That  i.><,  he 
established  the  fact  th:it  light  eonsist.s  of  wave.s  in  an  all-per- 
vading medium  known  as  the  ether,  by  showing  that  when 
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two  Rimilar  rays  of  light  meet  they  destroy  each  other  where 
their  phases  are  different,  and  add  where  their  phases  are 
the  same.  These  phenomena,  which  are  analogous  to  those 
exhibited  by  waves  in  water,  would  not  be  observed  if 
Newton's  idea  were  correct  that  light  consisted  of  minute 
particles  shot  out  from  a  radiating  body. 

Physical  experiments  prove  that  light  waves  in  the  ether 
arc  at  right  angles  to  the  line  of  their  propagation,  like  the 
up-and-dowti  waves  wliich  travel  along  a  steel  beam  when 
it  is  struck  with  a  haninicr,  or  the  torsional  waves  that  are 
transmitted  along  a  solid  elastic  body  when  one  of  its  ends 
is  suddenly  twisted.  In  an  ordinary  beam  of  light  the 
vibrations  are  in  every  direction  perpendicvdar  to  the  line 
of  propagation.  If  the  vibrations  in  one  direction  are  de- 
stroyed while  those  at  right  angles  to  it  remain,  the  light 
is  said  to  be  pnlarizcd.  Many  substances  have  the  property 
of  polarizing  light  which  passes  through  them. 

The  distance  from  one  wave  to  the  next  for  red  light  is 
about  ra.ooo  "^  ^"  inch,  and  for  violet  light  about  y-^7500  of  *" 
inch.  There  an?  vibrations  bot  h  of  smaller  and  greater  wave 
lengths.  The  range  beyond  (he  violet  '  is  not  very  great, 
for,  even  though  very  short  waves  are  emitted  by  a  body, 
they  are  absorbed  and  scattered  by  the  earth's  atmosphere 
before  ifachiiig  the  observer;  but  there  is  no  limit  in  the 
other  direction  to  the  lengths  of  rays.  Langley  explored  the 
so-called  heat  rays  of  the  sun  with  his  bolometer  far  be- 
yonrl  those  which  iire  visible  to  the  human  eye.  The  waves 
used  in  wireless  telegraphy,  which  ditTer  from  light  waves 
only  in  their  length,  are  often  hundreds  of  yards  long. 

221.  On  the  Production  of  Light.  —  A  definite  concep- 
tion of  the  way  in  which  matter  emits  radiant  energj*  is 
important  for  an  underetanding  of  the  principles  of  spec- 
tnim  analy.sis,  but,  unfortunately,  the  fundamental  proper- 
ties of  matter  are  involved,  ai»d  physicists  arc  not  yet  in  agree- 
ment on  the  subject.  However,  the  theory  that  radiant 
>  Elxcepting  the  so-called  X-rays,  which  arc  much  shorter. 
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energy  is  due  to  accelerated  electrons  is  in  good  standing  and 
gives  a  correct  representation  of  the  principal  facts. 

The  molecules  of  which  substances  are  composed  are 
themselves  made  up  of  atoms.  The  atoms  were  generally 
supposed  to  be  indi\'isible  until  the  year  1895,  when  the 
cathode  and  X-rays  prepared  the  way  for  the  recent  dis- 
coveries in  radioactivity'  and  subatomic  units.  In  con- 
nection with  these  discoveries  it  wius  found  that  the  atoms 
are  made  up  of  numerous  still  snialh-r  particles,  called  elec- 
trons or  corpuJ<clcs.  An  atom,  according  to  the  hypothesis 
of  Rutherford,  is  composed  of  a  small  central  nucleus,  carry- 
ing a  positive  charge  of  electricity,  and  one  or  more  rings 


Fiu,   137.  —  Mixiel  of  utoiii,  iiou-raduitiug  at  left  uiid  radiating  ut  right. 


of  electrons  candying  (or  perhaps  consisting  of)  negative 
charges  of  electricity,  wliicli  revolve  around  the  positive 
nucleus  at  grent  speed.  Under  oniinary  circumstances  the 
electrons  revolve  in  circular  patlis  with  unifonii  speed,  all 
those  of  a  given  ring  traveling  in  the  same  circle.  Under 
these  circumstances,  represented  in  the  left  of  Fig.  137, 
the  atom  is  not  radiating. 

When  a  body  is<  highly  heated  the  molecules  and  atoms 
of  which  it  is  composed  are  in  verj'  rapid  motion  and  jos- 
tle against  one  another  with  great  freijiu'iicy.  These  im- 
pacts disturb  the  motions  of  the  electrons  and  cause  them  to 
describe  wavy  paths  in  and  out  across  the  circles  in  which 
they   ordijiarily   mo\e.    This    condition   is   shown   at   the 


368      AN   INTRODUCTION   TO   ASTRONOMY    [ch.  xi.  221 


righl  in  I'ig.  137.  Thi-si!  small  vibrations,  which  are 
periodic  in  character,  produce  light  waves  in  the  ether; 
aiul  liKht  waves  are  alwci  iiroiinced  by  the  impacts  themselves, 
bill  llicy  are  not  ix-riotlic. 

The  character  of  (he  motions  of  the  corpuscles  can  be 
understood  by  considering  a  boll.  Suppose  it  is  suspended 
by  a  twisted  cord  which  is  rapidly  untwisting.  A  ring  of 
particles  arounil  the  bell  corresponds  to  a  ring  of  corpuscles 
in  an  atom.  If  the  hell  i.s  sinijily  rotating,  it  gives  out  no 
sound.  Sup])ose  it  strikes  soinctliing.  The  particles  of 
which  it  is  composed  vibrate  rapitlly  in  and  out ;  this,  com- 
bined with  its  rofalion,  causes  them  to  describe  wavy  paths 
across  their  former  circular  oi'bits.  These  waves  prodtice 
the  sound.  *  )f  course,  it  is  nut  nwrssary  that  the  bell  should 
l)e  rotating  in  order  to  produce  sounil,  and  in  this  respect 
the  analogy  is  imperfect. 

The  frequency  of  tlie  vibrations  of  a  corpuscle  in  an  atom 
is  .astounding.  The  length  of  a  light  wave  of  yellow  light 
is  in  round  numbers  -5o,'„oo  ^^  "■'•  inch.  In  a  second  of  time 
enough  waves  are  emitted  to  make  a  line  of  them  186,000 
miles  along.  Therefore,  the  number  of  o.scillations  perJ 
second  rif  the  corpuscles  in  an  atom  is  in  round  numbers] 
6(>U,(MJ(),tJ()0/KW,0CM). 

It  has  often  been  suggested  that  the  atoms  of  all  the 
clieniical  elenients  are  matle  out  of  exactly  the  same  k.in«l  of 
electrons.  Ceilaiidy  there  is  as  yet  no  evidence  to  the  con- 
trary. If  the  electrons  are  not  compfisite  structures  them- 
selves, the  idea  is  reasonable  enough;  l)Ut  if  they  are  made 
up  of  still  smaller  units,  the  hypothesis  seems  improbable. 

The  flynamics  of  an  atom,  according  to  the  corpuscular 
theory,  is  of  much  interest.  The  positive  nucleus  attracts 
the  revolving  negative  corpuscles.  They  are  kept  from  fall- 
ing in  on  the  nucleus  both  by  the  centrifugal  force  due  to 
their  raj>id  revulution.  and  also  i)y  their  mutual  repulsions 
which  result  from  (lieir  being  similarly  electrified.  If  the 
number  of  corpuscles  in  a  ring  is  small,  the  atom  is  stable. 
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With  an  increasing  number  of  corpuscles  (he  stability  of  the 
atom  diminishes.  Finally,  the  atom  is  stalile  only  if  (he 
corpuscles  revolve  in  (wo  or  more  rings.  The  regions  of 
instability  which  separate  atoms  having  a  certain  nuniher 
of  rings  from  tho.se  having  other  numbers  possibly  give  a 
clue  to  the  celebraletl  periodic  law  of  the  chemical  elements 
discovered  by  Mendeleeff. 

222.  Spectroscopes  and  the  Spectrum.  —  The  energj- 
which  a  body  radiates  is  completely  characterized  by  the 
wave  lengths  which  it  includes  and  their  respective  inten- 
sities. The  siwctroscnpe  is  an  instrument  which  enables  us 
to  analyze  light  into  its  parts  of  ditTerent  wave  lengths,  and 
to  stu<ly  each  one  separately. 

There  are  three  [iriiuipal  types  of  spectroscopes.  In  the 
6rst  and  oldest  type  the  light  pas.ses  thrnuph  one  or  more 
prisms  ;  in  the  secoiul,  perfected  by  Rowland  and  Michelson, 
the  light  is  reflected  from  a  siu'face  on  which  are  ruled 
many  parallel  equidistant  lines;  and  in  the  tliirfl,  invented 
by  Michelson,  the  light  pa.s.'*«'s  through  a  pile  of  equally 
thick  plane  pieces  of  ghiss  piled  up  like  a  stairway.  The 
first  type  is  most  advantageous  when  the  source  of  light  is 
faint,  like  a  small  star,  comet,  or  nebula.  Its  chief  fault  is 
that  the  scale  of  the  spectrum  is  not  the  same  in  all  parts. 
The  second  type  is  advantageous  for  bright  sources  of  light 
like  the  sun  or  the  electric  arc  in  the  laboratory.  It  gives 
the  same  scale  for  all  jiarts  of  the  spectrum,  but  uses  only 
a  small  part  of  the  incident  light.  The  third  type,  known 
as  the  echelon,  gives  high  dispersion  without  great  los.s  of 
light.  Only  the  first  type,  whidi  is  most  used  in  astronomy, 
will  be  more  fully  described  here. 

The  basis  of  the  prism  sjiectroscope  is  the  refraction  and 
the  dispersion  of  light  when  it  passes  through  a  prism.  Let 
L,  Fig.  138,  re])resent  a  beam  of  white  light  which  passes 
through  the  prism  /',  As  it  enters  at  .4  from  a  rarer  to  a 
denser  medium,  it  is  bent  toward  the  perpendicular  to  the 
surface ;  and  as  it  emerges  at  B  from  a  denser  to  a  rarer 
2b 
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medium,  it   is  hent  from  the  perpendicular  to  the  surface. 

This  change  in  the  direction  of  the  beam  of  light  is  its 

refraction. 

Not  only  is  the  lieam  of  light  refracted,  but  it  is  also  spread 

out  into  its  colors.    As  it  enters  the  prism  the  violet  light 

i.i  refrartpd  the  most  and  the  red  (hp  least,  anri  the  same  thing 

is  true  vvltcn  it  emerges.     Cnnsefjuently,  instead  of  a  beam 

of  whit«  light  falling  on  the  screen  ,8'  there  is  found  a  band  of 

colors  which,  in  order  from  the  most  refracted  to  the  Ica-st 

refracted,    are   violet, 

blue,    green, 

orange,    and 

reil.     This  separation 

of  light  into  its  colors 

is  rallod  iliKjtermnn. 

In  the  diagram  only 

the  visible  part  of  the 

Fio.  138.   -  Refrm-tion  and  dinpertiion  of  liRht    spectrum  is  indicated, 
liy  II  prism.  T,  I     .u  j 

Beyonil  the  red  are 
the  infra-red,  or  heat,  rays  I-R,  and  beyond  the  violet  are 
the  uUra-vitilc)  rays  V-V.  The  colors  arc  not  separated  by 
sharp  boundaries,  but  shade  from  one  to  another  by  insensi- 
ble gradations.  The  ultra-violet  part  of  the  spectrum  is 
several  times  as  long  as  the  visible  part,  and  the  infra-red 
part  is  several  times  as  long  as  the  ultra-violet  part. 

While  Fig.  138  shows  exactly  the  way  in  which  a  spec- 
trum might  be  formed,  it  would  be  too  faint  to  be  of  any 
value  in  practice.  In  order  to  obtain  a  bright  spectnnn  the 
apparatus  is  arranged  as  sketched  in  Fig.  139,  though  in 
practice  .several  pri.sms,  one  after  the  other,  are  often  em- 
ployed. The  rays  which  pass  through  the  screen  at  O  are 
made  parallel  by  the  lens  L\.  They  strike  the  prism  P  in 
parallel  lines,  and  those  of  a  given  color  continue  through  P 
and  to  the  lens  Lj  in  ])ara]icl  lines  (the  dispei-siou  is  not  indi- 
cated in  the  diagram).  The  lens  L»  brings  the  rays  to  a 
focus  at  F,  and  the  eyepiece  E  sends  all  those  of  each  color 
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It  in  a  small  bundle  of  parallel  lines  (only  one  color  is  reprc- 
ated  in  the  diagram).     The  eye  is  placed  just  to  the  right 
of  &',  and  all  the  parallel  rays  of  each  bundle  are  brought  to 
a  focus  at  a  point  on  the  retina.     In  this  way  many  rays  of 
j  eaeh  color  are  brought  to  a  focus  at  the  same  place  in  the 
( observer's  eye. 

While  strictly  white  light  give.s  all  colors,  it  is  not  neces- 

I  Bary  that  a  luminous  body  should  emit  all  kinds  of  light,  or 

that  all  colors  emitted  should  be  given  out  in  etjual  intensity. 

In  fact,  it  is  well  known  that  if  a  body  is  simply  warm  but 

not  self-luminous,  it  gives  out    in  sensible  quantities  only 


^ 
^ 


139.  —  A  gpectruscope  having  only  one  prism. 

infra-red  rays.  If  it  is  extremely  hot,  it  may  radiate  mostly 
ultra-violet  rays. 

223.  The  First  Law  of  Spectrum  Analysis.  —  The  first 
theoretical  discussion  of  the  principles  of  spectrum  analysis 
which  reached  appro.\imately  correct  conclusions  was  mafle 
by  Angstrom  in  1853.  The  work  of  Bunsen,  and  especially 
of  Kirchhoff  in  18.59,  put  the  subject  on  es.sentially  its  i)reseut 
basis.  The  laws  of  spectrum  analy.sis  jvs  fonimlated  here 
are  consequences  of  a  general  law  due  to  KirchhoflF,  and  of 
certain  experimental  facts.  After  they  have  been  stated, 
they  will  be  seen  to  be  simple  consequences  of  the  mode  of 
production  of  rathaat  energy. 

The  first  law  of  spectrum  analysis  is:  A  Tadiating  solid, 
liquid,  or  gas  under  high  pnnnure  gives  a  continuous  spectrum 
whose  position  of  maximum  intensity  depends  upon  the  tem- 
perature of  the  source;   and  conversely,  if  a  spectrum  is  con- 
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tinuou*,  the  source  of  liyht  is  a  solid,  liquid,  or  gas  under  high 
pressure,  and  the  position  of  radiation  of  maximum  intensity 
detcTtnines  the  temperature  of  the  source. 

Tills  law  iiu'iins,  in  the  first  plaoc,  that  a  radiating  solid, 
li(|iii(l,  or  Riis  uixipr  liinh  [ircssurp  Rives  out  light,  or  more 
generally  radiant  energy,  rif  all  wave  lengths;  anil,  in  the 
seiuHid  place,  the  wave  length  at  which  the  radiation  is  most 
intense  depends  upon  the  tenipi'rature  of  the  source.  It  is 
clear  fnjni  the  way  in  which  light  is  produced  that  the  first 
part  of  the  law  shoidd  he  true.  When  a  body  is  in  a  solid 
or  !i(|uid  state,  or  when  it  is  a  gas  under  high  pressure,  the 
molecules  are  so  clos<>  togethei'  that  they  continually  inter- 
fere with  one  another.  Under  these  circumstances  the  os- 
cillations of  the  corpuscles  caiuiot  take  place  in  their  natural 
periods,  hut  they  are  altered  in  all  possible  niuniiers.  This 
results  in  vibrations  of  all  periods,  and  therefore  the  spectra 
are  contiiMious. 

The  way  in  which  the  wave  length  of  nuixinmm  radiation 
depends  upon  the  temperature  is  given  by  Wien's  law'  — 

_  0.2076 
A  —        T     ' 

where  X  is  the  wave  length  in  inches  and  T  is  the  absolute 
temiK'rature  on  the  Falucnheil  scale.  For  example,  if  the 
temperature  of  the  sun  is  10,(K)0°,  its  wave  length  of  maxi- 
mum radialinn  is  about  r,o,'„7ro  "f  '"'  iurh. 

224.  The  Second  Law  of  Spectrum  Analysis.  —  The 
second  law  of  spectrum  analysis  is :  ..4  radiating  gas  under 
low  pressure  gives  a  speciruin  which  consists  of  bright  lines 
whose  relations  to  one  another  aiul  whose  positions  in  the 
spectrum^  depoul  upon  the  nature  of  the  gas  (atui  in  some 

'  Kxi.H>riineiit«  slmw  ttiiit   this   Inw   <1(X'8   not   give   goiKl   rpsuUa  fnr  low  | 
toin|icnituro8,  l)ut  llic  u|>|ilii'U(ioiis  in  astrononiy  tirp  tu  hixh  U-tiipurntumi. 

•The  |)omlioii!<  of  linea  in  a  .fiMrPtriini  (Jpteriiiiin'.  of  courBC.  tlipir  relation* 
to  fuie  unothiT  :  t)iil  in  priiclire  the  lines  of  an  clement  are  usually  identified 
by  their  relntions  lo  one  unotlier,  just  a«  a  coastellatioD  is  recogpiaed  by  the 
relative  positioiui  of  its  stars. 
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caxc^  to  some  extent  upon  its  temperature,  density,  electrical 
and  magnetic  condition);  and  conversely,  if  a  spectrum  con- 
eiata  of  bright  lines,  then  the  smirce  is  a  radiatiiiq  gas  (ur 
gases)  under  low  pressure,  and  the  composition  of  the  gas  {or 
gases)  can  be  determined  from  the  relations  of  the  lines  to  one 
another  and  from  their  positiunti  in  the  spectrum. 

When  molecules  iire  free  from  all  restraints  the  oscil- 
lations of  their  electxons  take  place  in  fixed  periods  which 
depend  upon  the  internal  forces  invfilved.  just  as  free  bells 
of  given  structure  vibrate  in  tiefinite  waj's  anil  give  forth 
sounds  of  definite  pitch.  Consequently,  free  radiatiup  mole- 
cules emit  light  of  one  or  more  definite  wave  lengths  ile- 
pending  on  the  structure  of  the  molecules,  and  there  are 
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FltJ.    1*10.  —  A  ItriglU-liixe  spt'i'lniin  mImiv**  uini  a  ri'VorsHnl  ^in'ftnini  Ih-Iuw. 

bright  lines  at  corresponding  places  in  the  spectrum  und  no 
light  whatever  at  other  places.  A  bright-line  siicctrum  is 
shown  in  the  top  part  of  Fig.  140.  Some  elements  give 
only  a  few  lines  ami  othei-s  a  great  many.  For  example, 
Bodium  has  but  two  lines,  both  in  the  yellow,  ami  iron  more 
than  2000  lines.  It  is  needless  to  ».i\y  that  all  these  facts 
are  established  by  laljoratory  experiments. 

It  may  be  objected  that  in  a  gas,  even  under  l()w  pressure, 
the  molecules  are  not  free  from  out.side  interfcrenci',  for  they 
collide  with  one  anotliei'  many  millions  of  ti)nes  [ler  second. 
But  the  intervals  during  which  they  are  in  collision  are  very 
short  compared  with  the  intervals  between  collisions.  Con- 
sequently, while  there  will  be  some  light  of  all  wave  lengths, 
it  will  be  inappreciable  compared  to  that  which  is  character- 
istic of  the  radiating  gas,  and  the  spectrum  will  seem  to  con- 
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sist  of   bright  lines  of  various  colors  on  a  perfectly  black 
backi^rouml. 

226.  The  Third  Law  of  Spectnim  Analysis.  —  The  third 
law  of  spectrum  analy.sis  is ;  //  liylit  from  a  solid,  liquid,  or 
gas  under  great  pressure  passes  through  a  cooler  gas  {or  gases), 
then  the  result  is  a  bright  spectrum  which  is  continuous  except 
where  it  is  crossed  by  dark  lines,  and  the  dark  lines  have  the 
positions  which  would  be  occupied  by  bright  lines  if  the 
intervenin{j  cooler  gas  were  the  source  of  light;  and  con- 
versely, if  a  bright  spectrum  is  coJitinuou^  except  where  it  is 
crossed  by  dark  lines,  then  the  source  of  light  is  a  solid,  liquid, 
or  gas  under  great  pressure,  and  the  light  has  passed  through 
a  cooler  intervening  gas  (or  gases)  whose  constitution  can  bei 
determined  from  the  relations  of  the  dark  lines  to  one  another 
and  from  their  positions  in  tlie  spectrum. 

In  a  word,  a  cool  gas  absorbs  the  same  kinds  of  rays  it 
would  give  out  if  it  were  incandescent,  and  no  others.  Simi- 
larly, 11  musical  iiistruitiiMit  absorbs  tones  of  the  same  pitch 
a.s  those  which  it  ciui  iirotiuec.  For  example,  if  the  key  for 
middle  C  on  a  piano  is  held  down  and  this  tone  is  produced 
near  by,  the  piano  will  respond  with  the  same  tone;  but  if 
D  is  produced,  the  piano  will  give  no  resfjonse.  This  phe- 
nomenon occui-s  in  many  branches  of  physics  and  is  very 
important.  For  example,  it  is  at  the  basis  of  wireless  teleg- 
raphy. The  receiving  instrument  and  the  sending  instru- 
ment are  tuned  together,  and  only  in  this  way  do  the  effects 
of  the  feeble  waves  which  roach  to  great  distances  liecome 
sensible.  The  fact  that  the  sending  anil  receiN-ing  instru- 
ments must  1k'  tuneil  the  same  explains  how  it  is  that  many 
diflFerent  wireless  inslrnments  can  be  working  at  the  some 
time  without  sciisiblc  interference. 

When  the  intervening  cooler  gas  absorbs  certain  parts  of 
the  energy  which  passes  through  it,  it  becomes  heated  and 
its  rate  of  radiation  is  increa.sed.  It  might  be  supposed  that 
this  new  radiation  would  make  up  for  the  energy  which  has 
been  absorlictl.     That  which  has  been  absorbed  and  that 
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which  is  radiated  arc,  indeed,  exactly  equal,  but  the  radi- 
ated energy  is  sent  out  in  every  direction  and  not  alone  in 
the  direction  of  the  original  liRht  passinfi  IlirouKh  the  gas. 
That  is,  certain  parts  of  the  original  enoriQ-  are  taken  out 
and  scattered  in  every  direction.  Therefore,  in  a  spectntm 
crossed  by  dark  lines  the  diirk  lines  ;iie  not  absoiutcly  black, 
but  onlj'  black  rclativclj'  to  the  remainder  of  the  spectrum. 
A  spectrum  of  this  sort  is  called  an  ahsorption,  or  darkAine, 
or  reiTTScd  spectrum.  The  revei-se  of  the  briRht-line  spec- 
tnuu  given  in  the  top  of  Fig.  140  in  shown  in  the  bottom 
part  of  the  figure. 

226.  The  Fourth  Law  of  Spectrum  Analysis,  —  The  fourth 
law  of  .spectrum  juialysis  was  first  discovered  by  Doppler 
and  was  experimentally  established  by  Fizeau.  It  is  com- 
monly called  the  Do])pliT  principle,  or  the  Doppjer-F'izeaii 
law.  It  is  :  //  the  mrtrcc  {rathfiling  gas  in  the  Cfi-sc  of  a  spec- 
trum of  bright  lines,  and  an  intervening  cooler  gas  in  case  of 
an  ahunrption  xpectruiti)  and  receiver  are  relatively  approach- 
ing tmvard,  or  receding  frotn.  e/ich  other,  then  the  lines  of  the 
spectrum  are  displaced  respectively  in  the  direction  of  the 
violet  or  the  red  by  an  amount  tchich  is  proportional  to  the 
relalive  speed  of  approach  or  recession  ;  and  conversely,  if  the 
lines  of  a  spectrum  are  displaced  tmvard  the  violet  or  the  red, 
the  source  and  receiver  are  respectively  approaching  toward, 
or  rec^iding  from,  each  other,  and  the  relative  speed  of  approach 
or  recession  can  be  determined  from  the  amount  of  the  dis- 
placement. 

The  explanation  of  the  shift  of  the  lines  of  the  spectrum 
when  there  is  relative  motion  of  the  source  and  the  re- 
ceiver is  verj"  simple.  If  the  source  is  stationary,  it  sends 
out  wave  after  wave  .separated  by  a  given  interval ;  if  it  is 
moving  toward  the  receiver,  it  follows  up  the  waves  which  it 
emits  and  the  inter\*als  between  them  are  diminished.  That 
is,  the  wave  lengths  liave  become  shorter,  which  is  only  an- 
other way  of  stating  that  the  corresponding  spectral  Hnes 
have  been  shifted  toward  the  violet.     Of  course,  for  motion 
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in  the  o]jposite  direction  the  spectral  lines  are  shifted  toward 
the  retl. 

If  the  receiver  moves  toward  the  source,  he  receives  not 
only  the  waves  which  wtmld  reach  him  if  he  were 
stationary,  but  also  those  which  he  meets  as  a  conse- 
qunire  of  his  motion.  The  distances  between  the  waves 
arc  (Ihiu'nishcd  and  Iho  ppnclrul  hnes  are  shifted  toward 
the  violet.  Motion  in  the  opposite  direction  produces  the 
opposite  results. 

The  formula  for  the  shift  in  the  spectral  lines  is 


AA  =  p  A, 

where  AX  is  the  amount  of  the  shift,  A  is  the  wave  length 
of  the  line  in  fjuestion,  v  the  relative  velocity  of  the  source 
and  receiver,  and  V  the  velocity  of  light.  Suppose  t'  is  18.6 
miles  per  second;  then,  since  V  is  1  SO, (H)0 miles  per  second 
and  the  greatest  wave  length  in  the  visible  spectrum  is 
nearly  twice  that  of  the  shortest,  the  displacement  is  altout 
y^5^  of  the  distance  lietween  the  ends  of  the  visible  spec- 
trum. It  follows  that  for  the  velocities  with  which  the 
planets  move  the  displacements  of  the  spectral  lines  are 
very  small,  and  that  refiner!  means  must  be  employed  in 
order  to  determine  them  accurately.  The  usual  method  is 
to  photograph  the  spectrum  of  the  distant  object  and  at 
the  same  time  to  send  through  tlie  spectroscope  beside  it 
the  light  from  some  .suitable  laboratorj'  source.  The  Unes 
of  the  latter  will  of  course  have  their  normal  positions. 
The  displacements  of  the  lines  of  the  celestial  object  with 
respect  to  them  are  measvired  with  the  aid  of  a  micro- 
scope. 

When  the  spectral  lines  of  an  object  are  well  defined,  dis- 
placement results  of  astonishing  precision  can  he  obtained. 
In  the  case  of  stars  of  certain  types  the  relative  velocities 
toward  or  from  the  earth,  railed  nulial  velocities,  can  be  de- 
termined to  within  one  tenth  of  a  mile  per  second. 
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XVI.    QUESTIONS. 

1.  What  problems  ean  bo  solved  approximately  for  the  sun  and 
I  by  the  first  principle  of  spei.'trum  analysis '' 

2.  What  would  be  the  cliara<'ti'r  of  the  spectrum  of  moonlight  ? 

3.  Comets  have  foutiuuous  lirighl  spectra  cro.ssod  by  still  brijrhter 
lines ;  what  interpretation  is  to  be  made  of  these  facts,  remembering 
that  comets  shine  partly  by  refli'ilcd  liRhl? 

4.  The  speetra  of  Uranus  an<l  Neptune  eonlain  dark  lines  and 
bands  of  groat  intensity  at  the  positions  of  the  less  inten.se  hydrogen 
lines  of  the  solar  speetrum  ;  what  interpretation  is  to  be  placed  on 
these  phenomena  ? 

5.  Can  the  motion  of  the  earth  with  respe<ft  to  the  sun  and  moon 
be  determined  by  ap(H-trf>seopie  meaii.s '!  The  motion  of  the  earth 
with  respect  to  the  planets? 

6.  If  an  observer  were  a|)prom'hing  a  deep  red  star  with  the  veloe- 
ity  of  light,  what  color  would  the  star  a]>pear  to  have?  If  he  were 
receding  with  the  velrnniy  of  light '.' 

7.  What  effect  would  the  rtt|>id  rotation  of  a  star  have  on  its  spec- 
tral lines  ? 

8.  Suppose  an  observer  examines  the  spectra  of  the  eastern  and 
western  limbs  of  the  .sun  ;  how  would  the  sjieetral  lines  be  relale<l  ? 
Could  they  Ixj  distinguished  from  lines  due  to  absorption  by  the 
earth's  atmosphere  * 


^ 


III.  The  Constitution  of  the  Sun 

227.  Outline  of  the  Sun's  Constitution.  —  The  apparent 
surface  of  the  sun  is  called  the  photon jihtre  (light  sphere). 
It  has  the  appearance  of  beiiiji  ratlier  sharfily  defined,  Fig. 
141,  and  it  is  the  boundary  useil  to  dehiie  the  .■<ize  of  the  sun, 
but  the  sun  is  disturbed  by  such  violent  verfiejil  inotion.s 
that  it  is  probably  veiy  broUeii  in  outlisie.  ki  the  ilis- 
tance  of  the  sun  from  the  earth  iiii  olijcct  5<J0  niile.s  acro.ss 
subtends  an  angle  of  only  one  second  of  arc,  and,  therefore, 
irregularities  in  the  photospfiere  woiiJti  not  be  vi.sible  unless 
thej'  amounted  to  several  hundtcd  miles.  The  part  of  the 
8un  interior  to  the  photosphere  is  always  invisible. 

Above  the  photaspjiere  lies  a  sheet  of  gas,  prol)al)ly  from 
500  to  1000  miles  thick,  wliich  is  called  the  reversing  layer 
because,  as  will  be  seen  (Art.  233),  it  produces  a  reversed, 
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or  absorption,  spectrum.     It  contains  many  terrestrial  sub- 
stances, such  as  calcium  and  iron,  in  a  vaporous  state. 

Outside  of  the  reversing  layer  is  another  layer  of  gas, 
from  5000  to   10,000  miles  drop,   called   the  chmvinxphere 


Flu.    141.  —  Till'  Sun.      hhdUnirayheil  by  P"t  «*'"'  "if  40-iiich  trUtcope  a]  lh» 
Yerkett  Oimervaiory, 


(color  sphere).     At  the  time  of  a  total  eclipse  of  the  sun  it 
is  seen  as  a  brilliant  scarlet  fringe  whose  outer  surface  seems 
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to  be  covered  with  leaping  flames.  There  are  often  eruptions, 
called  prominences,  which  break  up  into  it  and  ascend  to 
great  heights. 

The  outermost  portion  of  the  sun  is"  the  corona  (crown), 
a  halo  of  pearly  lipht  which  is  so  much  fainter  tlian  the  il- 
lumination of  the  earth's  atmosphere  that  it  can  be  seen  only 
at  the  time  of  a  total  solar  eclipse.  It  is  irroRular  in  form  and 
gradually  fades  out  into  the  l)ljickiie.s.s  of  the  sky  at  the  dis- 
tance of  from  1,000,000  to  .3,000,000  miles  from  the  surface 
of  the  sun. 

Figure  142  shows  an  ideal  section  through  the  sun.  The 
upper  surface  of  (he  invisible  interior  is  the  photosphere. 


Fiu.    142.  —  Ideal  sectioti  of  the  sun. 

R  18  the  reversing  layer,  S  is  a  spot.  A'  is  the  chromosphere, 
P  is  a  prominence,  and  C  is  (he  corona. 

228.  The  Photosphere.  - —  When  the  sun  is  examined 
through  a  good  telescope  it  presents  a  finely  mottled  ap- 
pearance instead  of  the  uniform  luster  wliich  might  be  ex- 
pected. The  brighter  parts  are  intensely  lunu'nous  nodules, 
somewhat  irregular  in  form,  500  or  (jOO  miles  across.  These 
"  rice  grains,"  as  they  are  .sometimes  called,  have  been  re- 
solved into  smaller  elements  havinfi  a  diameter  of  not  over 
100  miles ;  and  although  all  these  giaimle.s  together  do  not 
constitute  over  one  fifth  of  the  sun's  surface,  yet,  according 
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to  Langle3''s  estimates,  they  radiate  about  three  fourths  of 
the  light.  A  small  portion  of  the  sun's  surface  highly 
maKiiifipd  is  shown  in  Fig.  )4.3. 

Thr  photosphere  of  the  sun  gives  a  continuous  spectrum. 
Therefore,  according  to  the  first  law  of  spectrum  analysis, 
it  is  11  solifl,  lifjiiiH,  or  gas  under  great  pressure.  Since  the 
phntosphcri!  is  not  transparent  there  is  a  strong  inclination 
to  infer  that  it  is  liquid,  or  at  least  consists  of  clouds  of 
lif|uid  particles  (carbon,  iron,  calcium,  etc.)   floating  in  a 

vapor  of  similar  substances. 
But  the  temperature  of  the 
sun  is  so  high  that  this 
conclusion  is  not  certain. 

In  considering  the  sun  it 
must  be  remembered  that 
its  surface  gravitj'  is  nearly 
28  tinies  that  of  the  earth, 
and  th:it  the  pn\ssure  under 
etpial  masses  of  atmosphere 
is  correspondingly  greAter. 
Hence,  it  is  not  imrea-sona- 
ble  to  .suppose  that  the 
pressure  down  imder  the 
corona,  cluomosphere,  and 


Fio.   14:).  —  Small  pnrtinn  nf  the  sun's 
surface,  hiRhl.v  iiiimiiifiefj. 


reversing  layer  is  great  enough  to  prf)duce  a  contiimous 
spectrum.  The  conclusion  that  the  photosphere  is  almost 
entirely,  if  not  altogether,  gaseous  is  supported  by  the  fact 
that  the  cooler,  overlying  reversing  layer  is  gaseous  and 
contains  some  of  the  most  refractory  known  substances. 
The  "  rice-grain  "  structure  of  the  photosphere  is  explained 
by  Abbott  as  being  due  to  relative  motions  of  layers  at 
different  levels  analogous  to  those  which  produce  a  mackerel 
sky  in  the  earth's  atmosphere.  He  supposes  that  the  dark 
places  between  the  "  rice-grains  "  correspond  to  those  places 
where  clouds  form  in  our  own  atmosphere,  and  that  they 
are   regions  where  the   temperature  has  fallen  somewhat 
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below  that  of  thr  roniaiti(ior  nf  thr  photospherp.  There  are 
other  astronomers,  however,  who  believe  thnt  the  bright  nod- 
ules are  the.  summits  of  ascending  convection  currents,  which, 
by  expansion  aiui  eooIitiK,  are  reduced  to  the  stjvte  where  the 
most  refractory  substances  partially  condense  and  radiate 
most  brilliantly,  while  the  darker  spaces  between  are  where 
the  cooler  currents  descend. 

The  photosphere  is  the  region  from  which  tlie  sun  loses 
energy  by  radiation.  This  energy  must  be  supplied  from 
the  interior.  There  are  three  processes  by  which  heat  may 
be  transferred  from  otic  ptjsilinn  to  another,  viz.,  by  conduc- 
tion, by  convection,  and  l>y  radiation.  Conduction  is  en- 
tirely too  slow  to  be  fjunntitntively  adequate  for  bringing 
heat  to  the  surface  of  the  sun.  (."nnvection  currents  might 
be  violent  enough  and  might  reach  deep  enough  to  bring  to 
the  surface  the  requisite  utnount  of  heat.  In  order  to  get 
a  quantitative  idea  of  the  requirements  suppose  that  essen- 
tially all  of  the  sun's  radiation  is  from  a  layer  of  the  photo- 
sphere, of  average  density  one  tenth,  500  miles  thick.  Sup- 
pose its  specific  heat  is  unity.  At  the  rate  at  which  the  sun 
radiates,  the  temperatm-e  of  this  layer  would  decrease  one 
degree  Fahrenheit  hi  l.ti  hours  if  fresh  energ>'  were  not  sup- 
plied from  below.  Hence  the  requirements  do  not  seem  to 
be  unreasonably  severe. 

In  a  body  as  nearly  oix-jque  as  the  .sun  seems  to  be,  radiation 
probably  is  of  no  importance  in  the  escape  of  heat  from  the 
deep  interior  to  the  surface  layers. 

229.  Sun  Spots.  —  The  most  conspicuous  markings  ever 
seen  on  the  sun  are  relatively  dark  spots  which  occasionally 
appear  in  the  photosphere  and  last  from  a  few  days  up  to 
several  months,  with  an  average  duration  of  a  month  or  two. 
The  typical  spot  consists  of  a  round,  relatively  black  nucleus, 
called  the  umbra,  and  a  surrounding  less  dark  belt  called  the 
■peuumhra.  Fig.  144.  The  penumbra  is  made  up  of  con- 
verging filaments,  or  "  willow  leaves,"  of  brighter  material, 
which  look  as  though  the  intensely  luminous  photospheric 
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columns  were  tipped  over  so  as  to  make  their  sides  visible. 
The  umbra  and  ponunibra  do  not  gradually  merge  into  each 
other,  and  likewise  the  penumbra  and  surrounding  photo- 
sphere have  a  fairly  tiefinite  line  nf  separation. 

The  umbra  of  a  sun  spot  may  be  anywhere  from  500  to 
50,000  miles  across ;  the  diameter  of  the  penumbra  may  be 
as  great  as  200,000  miles.  When  the  spots  are  of  these 
dimensions  they  can  be  seen  simply  with  the  aid  of  a  smoked 
glass  to  reduce  the  glare  of  the  sun.    The  Chinese  claim  to 
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144.  —  Groat  sun  Hpot  of  July  17,  19U5.     Photographed  bu  Fox  with  Uu 
40-incli  telcucope  of  the  Yrrket  OboeruUory. 


have  records  of  observations  of  sun  spots  made  centuries 
before  their  discovery  by  Galileo  in  1610. 

The  umbra  of  a  sun  spot  is  dark  only  in  comparison  with 
the  glowing  photosjjhere  which  surrounds  it,  for  a  calcium 
light  projected  im  it  appears  black.  In  fact,  it  sometimes 
shows  many  details  of  darker  spots  and  brighter  streaks  which 
most  often  appear  shortly  before  it  breaks  up.  In  the 
neighborhood  of  spots  the  brightness  of  the  photosphere  is 
usually  al>ove  the  average,  and  there  are  nearly  always  in 
their  \icinity  ver>'  bright  elevated  masses  of  calcium  which 
constitute  the  faailee.    These  faculse  are    especially  con- 
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spicuous  when  near  the  sun's  apparent  margin,  or  limb,  as 
it  is  called,  for  in  these  regions  the  photo.sphere  is  greatly 
dimmed  by  the  extensive  absorbing  material  through  which 
its  rays  must  pass,  while  on  the  other  hand  the  faculse  pro- 
ject out  through  the  absorbing  material  and  shine  with  but 
slightly  diminished  luster. 

230.  The  Distribution  and  Periodicity  of  Sun  Spots.  — 
Sun  spots  are  rarely  .seen  except  in  two  belts  e.\tending  from 
latitude  6°  to  latitude  35°  on  each  side  of  the  .sun's  equator. 
Moreover,  they  are  not  always  equally  numerous,  For 
three  or  four  years  they  appear  with  great  fre<!uency,  then 
they  become  less  numerous  ami  decline  to  a  minimum  for 
three  or  four  years,  after  whifh  they  are  more  numerous 
again.  The  interval  from  maximum  nunibfr  to  ma.vinmm 
number  averages  about  11.11  years,  though  the  pcriml  varies 
from  alx)ut  7  years  to  more  than  Itj  years.  When  a  period 
is  short  the  maximum  which  follows  it  is  very  marked,  as 
though  a  large  amount  of  sun-spot  activity  had  been  crowded 
into  a  short  interval ;  on  the  other  hand,  when  a  maximum 
is  delayed  it  is  below  normal  in  activity. 

There  is  a  connection  between  the  positions  of  sun  spots 
and  their  numbers,  first  pointed  out  by  Schwabe  in  1852. 
After  a  sun-sjiot  maximum  has  pjissetl,  the  spots  appear 
year  after  year  for  about  five  years,  on  the  average,  in  suc- 
cessively lower  latitudes,  and  they  are  continually  less 
numerous.  At  the  sixth  year  a  few  are  still  visible  in  about 
latitudes  ±6°,  and  a  new  cycle  starts  in  latitudes  about  ±  35°. 
After  this  the  s[x>ls  in  the  low  latitudes  dinappcar,  those  in 
the  higher  latitudes  increase  in  numbers,  but  gradually  de- 
scend in  latitude  until  the  maxinmm  acti\nty  is  reached  in 
latitudes  ±16°.  The  areas  covered  by  spots  in  years  of 
maximum  activity  are  from  15  to  45  times  those  covered  in 
years  of  minimum  iictivity.  The  results  from  1876  to  1902 
arc  shown  in  Fig.  145. 

Since  accurate  records  of  the  numbers  and  dimensions  of 
sun  spots  have  been  kept,  the  sun's  southern  hemisphere 
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has  bcon  .somewhiit  more  active  than  the  iiorthern.  For  the 
period  from  1874  to  1902,  57  per  cent  of  the  total  spot  area 
waa  in  the  southern  hemispJiere  of  the  sun  and  only  43  per 
cent  in  the  nortliern.  That  is,  the  activity  in  the  southern 
hemisphere  was  alxiut  one  tliird  greater  than  tliat  in  the 
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Fio.   145. —  Distribution  and  magnitude!  r>(  sun  spots  for  tlie  period  from 
1876  to  1902  (Mikuuder). 


northern.    Whether  this  difference  is  permanent  and  what  it 
means  cannot  at  present  be  determined. 

231.  The  Motions  of  Sun  Spots.  —  Individual  sun  spots 
may  drift  Iwth  in  latitude  and  in  longitude,  and  they  often 
have  complicate<l  and  violent  internal  motions.  As  a  rule, 
those  spots  whose  latitudes  are  less  than  20°  drift  slowly' 
toward  the  sun's  equator,  and  those  which  are  in  higher 
latitudes  drift  away  from  it.  When  two  spots  are  near  to- 
gether they  are  generally  on  the  same  parallel  of  latitude. 
The  spot  which  is  ahead  usually  moves  ft)rwartl  with  respect 
to  the  sun's  surface,  while  the  one  which  is  behind  lags  con- 
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tinually  further  in  the  rear.  If  a  large  spot  divide.s  into  two 
components,  they  generally  recede  from  each  other,  some- 
times at  the  rate  of  1000  niilew  an  hour. 

Sun  spots  sometimes  have  spiral  motions,  but  until 
reKiently  the  phenomenon  was  thought  to  be  hardly  char- 
acteristic because  it  was  ob.served  in  only  a  small  j)ercentage 
of  cases.  Hale's  invention  of  the  spectrohcliograph  (Art. 
237)  furnished  a  new  and  j)owerful  means  of  studying  solar 
phenomena,  and  it  ha.'*  !e<l  in  recent  j'ears  to  a  discovery 
of  great  interest  and  importance  in  this  connection. 

In  1908  Hale  proved  the  existence  of  magnetic  fields  in 
the  high  levels  nf  sun  spots.  One  maj'  well  wonder  how  such 
a  result  could  be  estaiilished,  since  we  receive  onl^'  fight  and 
heat  from  the  sun.  Naturally  it  must  be  done  from  the 
characteristics  of  the  radiant  energj'  which  the  -sun  sends  to 
the  earth.  About  18%  Zeeman  found  that  most  spectral 
lines  are  doubled,  or  at  least  wideneil,  when  observe<l  along 
the  tines  of  force  nf  a  magnet,  unti  that  the  two  conioonents 
are  i-ircularly  iwlarized  in  nppositi-  directions,  Hale  ex- 
amined the  widened  spectral  lines  belonging  to  sun  spots 
and  proved  that  they  have  the  properties  of  spectral  lines  in 
a  magnetic  field.  Then  he  took  up  the  question  of  the 
origin  of  the  m.agnetic  fields.  It  was  shown  by  Rowland  in 
1876  that  static  electric  charges  in  revolution  produce  elec- 
tromagnetic effects  like  those  produced  by  electric  currents. 
Consequently  Hale  concluded  that  the  magnetic  fields  in 
sun  spots  arc  due  to  vortical  motions  of  particles  carrying 
static  electric  charges,  and  the  explanation  is  almost  cer- 
tainly correct. 

More  recently  the  whole  sim  has  been  found  to  be  involved 
in  a  magnetic  field  whose  [xilcs  agree  approximately  with 
its  poles  of  rotation ;  it  may  be  analogous  to  that  which 
envelopes  the  earth.  Schuster  has  sugge.stefl  that  the  mag- 
netic states  of  the  earth  and  sun  may  be  a  con.sequence  of 
their  rotations,  and  that  all  rotating  bodies  must  be  magnets. 

Hale's  discoverj-  is  a  proof  of  cyclonic  motion  in  the 
2c 
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upper  parts  of  sun  spwte.  Unlike  cyclones  on  the  earth,  the 
direction  of  motion  in  a  hemisphere  is  not  always  the  same. 
Hale  found  numerous  examples  where  two  spots  seemed  to 
be  connected,  one  having  one  polarity  and  the  other  the 
opposite  (Fig.  146).  It  has  been  suggested  they  are  the 
two  ends  of  a  cylindrical  whirl.  This  idea  is  confirmed,  at 
least  to  some  extent,  by  the  fact  that,  so  far  as  observational 
evidence  goes  at  present,  when  two  spots  are  near  together, 
they  always  have  opjiosite  polarit\-.     Anotlirr  ri'miirkable 
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146.  —  Sun  spots  haviug  opposite  polarity.     Photographed  at  the  . 
WiUon  Solar  Obtenatoru  ivM  the  spectrohiiiograph  (Hale). 


fact  is  that  if  two  neighljtiring  spots  are  in  tlfe  northern  hemi- 
sphere of  the  sun,  the  one  which  is  ahead  has  a  counter- 
clockwise vortical  motion,  while  the  motion  in  the  other  is 
in  the  opposite  direction.    The  conditions  are  the  opposit 
in  the  sun's  southern  hemisphere. 

Evershed,  in  India,  announced  in  1909  that  at  the  lowe 
visible  levels  there  is  radial   motion  outward  from  spots' 
parallel  to  the  surface  of  the  sun.     More  recently  St.  John, 
at  the  Mt.  Wilson  Solar  Observatory  (Fig.  147),  has  made 
ext^ensive  studies  of  the  motions  in  sun  spots  with  the  ad^ 
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vantage  of  most  powerful  iiistrumonts,  and  he  concludes 
that  at  the  lower  levels  there  is  motion  riidiiiUy  outward 
from  spot  centers,  at  levels  about  2500  miles  higher  there  is 
no  horizontal  motion,  and  in  the  high  levels  of  the  chromo- 
sphere (10,000  to  15,000  mites)  the  motion  is  inward  toward 
the  centers  of  the  spots.  This  suggests  that  spots  are  pro- 
duced by  cooler  gases  from  high  levels  rushing  in  towartl  a 
center,  descending  some  thousands  of  miles,  and  then  spread- 
ing out  at  lower  levels,  but  the  consideration  of  the  quality 
and  quantity  of  the  materials  involved  in  the  two  move- 


Fla.  147.  —  The  Mt.  Wilson  Solur  Oligervutory  of  Chv  Carnegie  iDHtitution 
of  Washingtou.     Pasadeiui,  Colifuniia. 

ments,  together  with  their  kinetic  energies,  led  St.  Jolm  to 
the  conclusion  that  the  materia!  flowing  inward  and  down- 
ward by  no  means  equals  that  Howing  outward  at  lower 
levels  from  the  axes  of  spots.  He  believes,  rather,  that  a 
spot  is  formed  by  currents  ascemling  from  the  sun's  interior 
and  spreading  out  just  above  the  photosphere.  The  in- 
rushing  and  descending  chromasphcric  material  is  a  second- 
ary result  of  the  primary  currents.  Tlie  spots  are  dark  be- 
cause the  expanding  gases  of  wht(.-h  they  are  composed  are 
cooler  than  those  which  constitute  the  photosphere. 

Independent   evidence  of  a   conclusive  character  shows 
that  spots  are  cooler  than  the  ordinary  photosphere.     There 
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is  evidence  frum  the  so-called  enhanced  spectral  lines  which 
has  been  brought  out  by  Hale,  Adams,  and  Gale ;  the  lines 
in  the  spectrum  of  spots  are  related  to  those  in  the  spectrum 
of  the  remainder  of  the  sun  just  as  the  spectra  with  low  tem- 
peratures in  the  electric  furnace  are  related  to  those  with 
hixh  temperatures ;  and  finally,  the  spectra  of  spots  con- 
tain flutings,  or  bands,  which  are  l>e!ieved  to  lie  due  to  ab- 
sorption by  chemical  compounds  which  would  be  broken  up 
into  their  constituent  elements  in  the  higher  temperatures  of 
the  ]}hotosphere. 

232.  The  Rotation  of  the  Sun.  —  The  rotation  of  at  least ; 
that  pari  of  the  sun  in  which  the  sjwt^s  occur  can  be  found 
ifrom  their  apparent  transits  across  its  disk.  The  first 
systematic  investigation  of  the  sun's  rotation  was  made  by 
Carrington  anfl  Sjwerer  about  the  middle  of  the  nineteenth 
century.  The}'  found  that  the  sun  rotates  from  west  to  east 
about  an  axis  inclined  7°  to  the  perpendicular  to  the  plane 
of  the  ecliptic.  The  sun's  axis  jwints  to  a  position  whose 
right  ascension  ant!  declination  are  respectively  18  h.  44  m. 
and  +46°,  which  is  almost  exactly  midway  between  Vega 
and  Polaris.  The  period  of  the  solar  rotation  depends  upon 
the  latitude.  Spots  near  the  sun's  ecjualor  complete  a  revo- 
lution in  alx)ut  25  days ;  in  latitude  30°,  in  about  26.5  days ; 
in  latitude  45°,  in  about  27.5  days ;  in  higher  latitudes  spots 
are  not  seen. 

Reference  has  already  been  made  to  the  facula;,  or  bright 
clouds,  which  are  especially  abundant  in  the  neighborhood 
of  sun  spots.  The  positions  of  the  faculai  are  easily  de- 
termined on  photographs  of  the  sun,  and  from  photographs 
made  at  sufficiently  short  intervals  the  rotation  of  the  sun 
can  be  found.  This  nictlmd  has  given  results  in  accord  with 
those  obtained  from  observations  of  spots. 

The  remarkable  developments  of  spectroscopic  methods 
which  followed  Hale's  invention  of  the  spectroheUograph 
have  furnished  a  third  method  of  measuring  the  rotation  of 
the  sun.     By  its  use  bright  clouds  of  calcium  vapor,  called 
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floccidi  by  Hale,  and  l>oth  bright  and  dark  flocculi  of  hyflro- 
gen  have  been  photographed.  The  rotation  of  the  sun  has 
been  determined  by  Hale  and  Fox  from  photographs  of 
flocculi. 

Finally,  the  rotation  of  the  sun  has  been  tletermined  byl 
the  Duppler-Fizeau  effect.     One  limb  of  the  sun  at  the  equa-  | 
tor  approaches  the  earth  at  the  rate  of  1.;?  miles  per  second,  1 
while  the  other  recedes  at  the  same  velocity.     The  spectro-  I 
acopic  method  i.s  .so  highly  deveiopitl  tliat  it  not  only  gives 
the  rate  of  mtation  of  the  sun  approximately,  hut  it  shows 
that  the  period  is  shorter  at  the  equator  than  it  is  in  higher 
latitudes. 

The  results  for  the  periods  of  rotation  of  the  sun  by  the 
various  methods  are  given  in  the  following  table,  in  which 
the  results  are  expressed  in  mean  solar  days : 


Table  X 


Latitcos 


0"to  5° 
5  to  10 
10  to  15 
15  to  20 
20  to  25 
25  to  30 
30   to35 


Sun  Spot* 

Facdlb 

25.00 

24.73 

25.09 

24.79 

25.26 

25.12 

25.48 

25.33 

25.75 

25.37 

2(j.09 

25.fi4 

26.47 

26.47 

CALaOM 
FLOCCUtl 


24.76 
24.98 
25.17 
25.48 
25.73 
25.77 
26.18 


Htdbquen 

FlOCCDU 


25.7 
26.0 
24.7 
24.8 
24.5 
•24.5 
24.2 


DOPTLSB- 
FlIBAir 
MiTBOD 


24.67 
24.86 
25.12 
25.44 
25.81 
26.20 
26.67 


By  the  Duppler-Fizeau  method  Ailams  founil  the  jHjriods 
of  rotation  of  the  sun  in  latitudes  45°,  60°,  and  74°,  to  be 
respectively  28.1,  31.3,  and  32.2  days, 

The  reason  that  the  sua  rotates  in  its  peculiar  manner  is 
not  certainly  known,  thougii  Elliott  Smith  has  attempted 
to  show  that  the  more  rajiid  rotation  of  the  equatorial  zone 
is  an  ine\'itable  consequence  of  the  contraction  of  a  rotating 
mass  of  gas.  The  question  draerves  further  quantitative 
examination. 
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Under  tlie  hy|X)theHis  that  the  sun  is  &  mixture  of  fluids 
in  equilibrium,  Wil.sing,  Sampson,  and  Wilczynski  have 
reached  the  conclusion  from  hydrodynamioal  considerations 
that  cylindrical  laycrn  of  it  rotate  with  the  same  sjxsed. 
According  to  this  view  the  outermost  cylinder,  which  in- 
cludes only  the  equatorial  zone,  rotates  fastest,  and  suc- 
cessive cylinders  toward  the  axis  rotate  more  and  more  slowly. 
It  is  supposed  that  tliis  condition  is  inherited  from  some 
primitive  slate  ami  that  friction  has  not  yet  reduced  the 
rotation  to  uniformity.  Wilczynski  showed  that  friction 
between  the  different  layers  would  not  wear  down  the  dif- 
ferences of  motion  appreciably  in  many  millions  of  j'cars. 
But  he  neglectetl  the  convection  currents  which  mast  cer- 
tainly exist  t«  great  depths  and  which  would  quickly  destroy 
the  supi>osed  (UfTerent  rotations  in  different  cylinders. 
Notwithstanding  these  difficulties,  no  other  theory  at  present 
is  more  satisfactory  than  that  the  sun's  peculiar  rotation  has 
been  inherited  from  more  extreme  conditions  which  pre- 
vailed in  the  remote  past. 

233.  The  Reversing  Layer.  —  Newton  liegan  the  analysis 
of  light  by  pavssing  it  through  a  small  circular  opening.  In 
1802  Wolliuston  pa.ssed  the  Uglit  from  the  sun  through  a 
narrow  sht,  instead  of  a  pinhole,  and  found  tliat  the  solar 
spectrum  was  crossed  by  7  dark  lines.  In  a  few  years  the 
subject  W!us  taken  up  by  Fraunhofer,  who  soon  found  that 
the  spectrum  was  cro.'istxl  by  an  immense  number  of  dark 
lines.  In  1815  he  mappe<I  324  of  them,  and  they  have  since 
been  known  as  "  Frautdiofer  lines."  A  greatly  improve«l 
map  of  these  lines  was  made  by  Kirchhoff  in  18G2,  and  still 
another  by  Angstrom  in  1868.  In  1886  Langley  mapptnl 
the  solar  spectrum  with  the  aid  of  his  bolometer  far  into  the 
infra-red  region,  and  in  1886,  1889,  and  1893  Rowland  pub- 
lished extensive  and  ver\'  accurate  maps  from  measurements 
of  the  positions  and  characteristics  obtaineil  with  his  power- 
ful grating  spectroscope.  In  1895  Rowland  published  his 
great  "  Prehminary  Table  of  Solar  Spectrum  Wave  Lengths," 
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containing  the  results  for  about  14,000  spectral  linps.  A 
portion  of  tlie  solar  spectrum  is  shown  in  Fig.  148  with  a 
bright-line  comparison  spectrum  above. 

The  spectrum  of  the  sun  is  continuous  except  for  the  very- 
numerous  dark  lines  which  cross  it.  Therefore,  in  accord- 
ance with  the  third  law  of  spectrum  analysis,  there  is  be- 
tween the  photosphere  and  the  observer  cooler  gas,  and  its 
constitution  can  be  determined  from  the  relations  among  the 
dark  lines  and  from  their  positions.  The  lines  prove  the 
existence  of  sodium,  iron,  and  other  heavy  metals  in  tliis 
intervening  gas,  and  since  thej'  cannot  remain  in  the  gaseous 
state  in  our  own  atmosphere  they  must  be  in  that  of  the  sun. 


I 


FlO.   l4Si. 


-i'orlioii  uf  nvlnt  siH'ctruiu  bflow  willi  u,  Titauiiim  companM>Q 
spectrum  above. 


This   absorbing  material   which   overlies   the   photosphere 
constitutes  the  rcpern^ing  Imjer. 

If  the  reversing  layer  could  be  viewed  not  projected  against 
the  brilliant  photosphere,  it  would  give  a  spectrum  of  bright 
lines  exactly  at  the  places  occupied  by  the  dark  lines  under 
the  conditions  as  they  normally  exist.  At  the  total  eclipse 
of  the  sun  in  1870,  Young  placetl  the  slit  of  his  spectroscope 
tangent  to  the  limb  of  the  sun.  Just  .is  the  moon  cut  off  the 
last  of  the  pliotospherc  the  spectrum  suddenly  flashed  out 
in  bright  lines  where  an  instant  before  the  dark  ones  had 
been.  Since  189.5,  during  nearly  everj'  total  eclipse  of  the 
sun,  this  "  Rash  spectrum  "  has  been  photographed,  and 
there  is  no  doubt  that  the  positions  of  its  lines  are  identical 
with  those  of  the  corresixniding  dark  Fraunhofer  lines.  From 
the  duration  of  their  appearance  as  bright  lines  and  the  known 
rate  at  which  the  moon  apparently  passes  across  the  disk  of 
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the  sun,  it  has  been  found  that  the  reversing  layer  is  500  or 
600  milo8  deep. 

As  a  rule  the  pffert  nf  pressure  on  an  absorbing  gas  is  to 
cause  the  dark  lines  to  shift  slightly  toward  the  red  end  of 
the  spectrum.  Exten.sive  studies  by  various  a.stronomers  of 
the  displiicemenfs  of  the  Fraunhofer  lines  have  led  to  the 
conclusion  that  the  pres,sure  of  the  reversing  layer,  even  at 
its  lower  levels,  doi-s  not  exceed  5  or  6  times  that  of  the 
earth's  atmosphere  at  sea  level.  This  is  a  very  remarkable 
result  in  view  of  the  great  extent  of  the  sun's  atmosphere 
and  the  fad  that  gravity  at  the  surface  of  the  sun  is  nearly 
28  times  as  great  as  it  is  at  the  surface  of  the  earth.  Pos- 
sibly electrical  repulsion  from  the  sun  and  light  pressure 
partly  offset  the  groat  surface  gravity  of  the  sun. 

234.  Chemical  Constitution  of  the  Reversing  Layer.  — 
Of  the  14,0(J0  lines  in  Howkind's  spectrum  about  tine  third 
are  due  to  the  absorption  by  (he  earth's  atmosphere,  and 
the  remainder  are  produced  by  the  sun's  reversing  layer 
and  chromosphere.  By  comjjaring  the  positions  of  the  lines 
nf  the  sun's  spectrum  with  tljo.se  given  by  the  various  ele- 
ments in  laboratorj'  experiments,  it  is  possible  to  infer  the 
chemical  constitution  of  the  material  which  produces  the 
absorption.  In  this  manner  38  elements  are  known  cer- 
tainly to  exist  in  the  sun,  but  more  than  6000  of  the  lines 
mapped  liy  Rowland  have  not  as  yet  been  identified  as 
belonging  to  any  element. 

The  presence  of  iron  is  established  by  more  than  2000 
line  coincidences,  carbon  by  more  than  200,  calcium  by  more 
than  7o,  magnesium  by  20,  sodium  by  11,  copper  by  2,  and 
lead  by  I.  It  will  l>e  noticed  that  nearly  all  the  elements 
in  the  table  which  follows  are  metals,  the  exceptions  being 
hydrogen,  helium,  carbon,  and  oxygen.  On  the  other  hand, 
a  number  of  heavy  metals,  such  as  gold  and  mercury,  are 
missing.  The  following  table  gives  the  elements  found  in  the 
suu  and  their  atomic  weights : 


Table  XI 


Elsiunt 

Atowc  Wkiuht 

EuiHsirr 

Atomic  Wsiobt 

-Hydrogen     .     . 

1 

Copper  .     .     . 

64 

-Jk'lium    . 

4 

Ziuo  .... 

65 

Olucitiiim 

9 

Germanium     . 

72 

-Carbiiii    . 

12 

Strontium  .     . 

88 

jUxygdii    . 

Iti 

Ytlrium       .     . 

89 

SodiuTii    . 

23 

Zirooniiiiii   .     . 

91 

Ma^iiosium 

24 

NioIiiiiDi      .     . 

93 

Alumiuuiii 

27 

MoIylHlcnum  . 

90 

Silicon 

28 

Rhodium     .     . 

103 

Potassium 

39 

Palladium   .     . 

107 

C'alfium  . 

40 

Silver      .     .     . 

108 

Scanrtiuin 

44 

Cadmium    .     . 

112 

TitaiiiuMi 

48 

Tin    .... 

119 

VeniMliiiin 

51 

Barium  .     .     . 

137 

Chromiuiii 

f2 

Lautliuitum 

139 

ManganoKti 

55 

Cerium  .     .     . 

140 

Inin    .     . 

50 

Neodymiuni    . 

144 

Nickel      . 

59 

Erbium  .     .     . 

168 

Cobalt     . 

59 

Load  .... 

207 

Wliilc  the  prcsencT  of  tht'  i?pi>ctral  lines  of  an  i^leinent  provps 
its  existence,  their  alisence  does  not  show  that  it  is  not  pres- 
ent. In  the  first  place,  heavy  elements,  like  gold,  mercury, 
and  platinum,  would  probaldy  sink  far  l»ck)W  the  level  of 
the  reversing  layer,  and  coufjequently  would  give  no  lines  in 
the  solar  spectrum.  Then,  again,  the  characteristic  spectra 
of  some  of  the  elements,  particularly  uon-metals,  are  sup- 
pressed by  the  presence  of  some  other  elementa,  particularly 
metals.  Sometimes  the  spectrimi  of  an  element  is  entirely 
obliterated  Ijv  the  prr-sence  of  a  stnall  percentage  of  another 
element.  This  maj'  be' the  explanation  of  the  fact  that  the 
spectra  of  fluorine,  chlorine,  bromine,  iodine,  sulphur,  sele- 
nium. tet!uriun),  nitrogen,  phosphorus,  arsenic,  antimony, 
and  boron  are  not  found  in  the  sun,  although  most  of  these 
elements  occur  abundantly  in  the  earth.  Some  elements 
have  spectra  that  change  radically  with  alterations  in  their 
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conditions  of  temperature,  pressure,  and  electrical  excitation. 
One  of  these  elements  is  oxygen,  which  was  long  sought  for 
in  the  sun  before  it  was  certainly  found.  Of  course,  the  proof 
of  its  existence  was  coni|jlicated  by  the  fact  that  it  occurs 
in  abundance  in  the  earth's  atmosphere.  Finally,  as  Lock- 
yer  suggested,  some  of  the  so-called  elements  may  be  in 
reality  compounds  which  are  broken  up  under  the  extreme 
conditions  of  temperature  prevailing  in  the  sun,  and  their 
characteristic  spectra  may  be  in  this  manner  destroyed. 

Tlie  reversing  layer  is  undoubtedly  constantly  receiving 
material  from  below  and  above,  and  therefore  it  is  safe  to 
conclude  that  its  composition  is  not  qualitatively  different 
from  that  of  the  remainder  of  the  sim.  It  is  interesting 
that  nearly  40  terrestrial  elements  are  found,  for  it  points 
strongly  to  the  conclusion  that  the  sun  and  the  earth  have 
had  a  common  origin. 

The  distribution  of  the  elements  in  distance  above  the 
sun's  photosphere  was  determined  by  Mitchell  from  excel- 
k'nt  photographs  of  the  flash  spectrum  which  he  .secured  in 
the  eclipse  of  H)05,  and  by  St.  John  from  considerations  of 
the  Doppler-Fizeau  effect.  On  the  whole  the  lighter  ele- 
ments extend  to  high  altitudes  while  the  lieavier  elements 
are  confined  to  the  lower  levels.  A  peculiar  exception  is 
that  calcium,  whose  atomic  weight  is  40,  extends  in  abun- 
dance up  into  the  chromosphere  10,000  miles,  even  as  high 
as  hydrogen.  Iron  and  the  heavier  metals  are  found  only 
down  in  the  reversing  layer. 

235.  The  Chromosphere.  —  As  has  been  statetl,  the  chro- 
mosphere is  a  gaseous  envelope  aroimd  the  sun  alrove  the 
reversing  layer  whose  depth  is  from  5000  to  10,000  miles.  It 
gets  its  scarlet  color  from  the  incandescent  hydrogen  and 
calcium  of  which  it  is  largely  compo.sed. 

The  spectrum  of  the  chromosphere  consists  of  many  lines, 
some  of  which  are  permanent  while  others  come  and  go. 
The  permanent  lines  are  ilue  mostly  to  hydrogen,  helium,  and 
calcium ;   (he  intermittent  lines  are  due  to  many  elements 
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which  seem  to  have  l>fen  temporarily'  thrown  up  into  it 
through  the  reversiriK  layer. 

The  existence  of  the  element  helium  was  first  inferred  from 
the  prc>sence  of  a  bright  yellow  line  in  the  solar  spectrum  near 
the  two  yellow  lines  of  sodimn.  It  is  universally  prevalent 
in  the  chromosphere,  giving  a  bright  line  when  the  sun  is 
eclipseil,  or  iit  any  time  when  the  slit  of  the  spectroscope  is 
put  on  the  chromosphere  parallel  to  the  sun's  limb.  For 
some  unknown  reason  helium  does  not  give  a  dark-line  ab- 
sorption spectrum  when  the  light  from  the  photosphere 
pa.<ises  througii  it.  This  seems  to  be  a  direct  contradiction 
to  the  third  law  of  spectrum  analysis,  which  holds  true  in 
all  other  known  cases.  But  helium  is  a  very  remarkable 
element  in  several  other  respects.  Next  to  hydrogen,  it 
has  the  lowe.st  atomic  weight,  it  is  very  inactive,  and  enters 
into  no  known  chemical  combinations  with  other  elements, 
it  has  the  lowest  known  refractive  index,  it  is  an  excellent 
conductor  of  electricity,  its  rate  of  diffusion  is  15  times  its 
theoretical  value,  its  solubility  in  water  is  nearly  zero,  and  it 
is  liquefied  only  with  the  utmost  dithculty.  It  ha.s  already 
been  explainetl  that  helium  is  one  of  the  products  of  the  dis- 
integration of  uranium,  radium,  and  other  radioactive  sub- 
stances. It  was  not  discovered  on  the  earth  until  1895,  when 
Ramsay,  on  examining  the  spectrum  of  the  mineral  clevite, 
found  the  yellow  spt>ctral  line  of  helium. 

236.  Prominences.  —  Vast  eruptions,  called  prominences, 
shoot  up  from  the  sun's  photosphere  through  its  chromo- 
sphere to  heights  ranging  from  20,000  miles  up  to  300,000 
miles,  or  even  to  greater  elevations  in  extreme  cases.  One 
80,0fX)  miles  in  height  is  shown  in  Fig.  149.  They  usually 
occur  in  the  neighborhood  of  sun  spots  and  are  never  seen 
near  the  .sun's  poles.  They  leap  up  in  jets  and  flames,  often 
changing  their  appearance  greatly  in  the  course  of  10  or  15 
minutes,  as  is  shown  in  Fig.  150.  Their  velocity  of  ascent 
Is  frequently  100  miles  per  second  and  sometimes  exceeds 
200  miles  per  second. 
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If  eruptive  prominences  shoulii  leave  the  photosphere  with 
a  velocity  of  more  than  380  miles  per  second,  and  if  they 
ehouid  suffer  no  resistance  from  the  reversing  layer  and 
chromosphere,  they  would  escape  entirely  from  the  sun  and 
pass  out  heyond  the  planets  to  (he  distances  of  the  stars. 
It  is  very  difficult  to  account  for  their  great  velocities.  No 
satisfactory  (henry  ha.s  been  dovelnped  for  explaining  how 
such  violent  cxpl(isive  forces  are  lt>ng  held  in  restraint  and 


Fio.   149.  —  .Solar  prominence,   August  '21.   1U09,  rcachiug  ti>  ri   height  at 
80,000  miles.     PhtAographid  at  M«  Mt.  WiUon  Solar  Obarrvatoru- 

then  suddenly  relea-scd.  Perhaps  under  the  extreme  condi- 
tions of  temperafure  and  pressure  prevailing  in  the  interior 
of  the  Bun,  all  elenienls,  like  radium  under  terrestrial  con- 
ditions, explode  liecau.se  of  tlieir  .subatomic  energies.  Julius 
has  maintained  that  (he  prominences  may  be  mirage-like 
appearances  due  to  unusual  refraction,  and  that  they  are  not 
actual  eruptions  from  the  sun  as  they  seem  to  be.  But  their 
velocities  are  determined  both  from  their  motion  perpen- 
dicular (o  the  line  of  sight  when  they  are  seen  on  the  sun's 
limb,  and  also  from  spectral  line  displacements  in  accord- 
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anre  with  the  Doppler-Fizraii  principle,  and  it  seems  very 
improbable  that  thoy  are  not  real. 

The  spectra  of  eruptive  prominences  show  many  lines, 
especially  in  the  lower  levels.  In  them  the  bright  lines  of 
sodimn,  magnesium,  iron,  and  titanium  are  con.'^picuous, 
while    those   of   calcium,    chromium,    and    manganese   are 


KiG.  150.  —  Ch;iiinp.s  in  a  sKilnr  iiroiiiincuce  in  au  interval  of  ten  minutes, 
Photoyriiphrd  by  Sloruiu  at  the  Ytrkes  Ot)»fTvaUjTy, 


generally  found.  In  the  higher  levels  calcium  is  .the  pre- 
dominating element,  a  remarkal)le  fact  in  view  of  its  atomic 
weight  of  40. 

Prominences  were  formerly  observc<l  only  when  the  sun 
was  totally  eclipsed,  for  at  other  times  the  illumination  of 
the  sky  made  them  altdgether  invisible.  But  since  the  de- 
velopment of  the  spectroscope  they  can  be  observed  at  any 
time.     If  the  light  from  the  limb  of  the  sun  is  passed  through 
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the  spectroscope,  the  continuous  illumination  of  the  earth's 
alinos[)here  is  spread  out  and  correspondingly  enfeebled ; 
on  the  other  hand,  the  light  from  the  prominences  consists 
of  single  coloi-s  and  is  not  diminished  in  intensity  by  passing 
thi'ough  (he  spectroscope.  Consequently,  if  the  dispersion 
is  sufficient,  the  atmospheric  illumination  is  reduced  until 
the  prominences  become  visilile. 

Not  all  the  prominences  are  eruptive.  Besides  those 
which  burst  out  suddenly,  rising  to  great  heights  and  soon 
disappearing  or  suiciding  agaiti,  there  are  others,  called 
quieacent  prominences,  which  spread  out,  like  the  tops  of 
banyan  trees,  with  here  and  there  a  stem  reaching  below. 
They  often  develop  far  above  the  surface  of  the  sun,  without 
a[i|xirent  connections  with  i(,  and  seem  to  be  due  to  material 
wliicii  for  some  mysterious  reason  suddenly  becomes  visible. 
They  rest  qui^tly  at  great  altitudes,  somewhat  like  terrestrial 
clouds,  often  for  many  days,  notwithstaiuling  the  sun's 
gravity.  They  are  made  up  of  hydrogen,  helium,  and 
calcium. 

237.  The  Spectrohetiograph.  —  The  photosphere  radi- 
ates a  continuous  spectrum,  while  above  it  is  the  reversing 
layer  whirh  produces  the  dark  absorption  lines.  Some  of  the 
lines,  as  the  A'-iine  due  to  calcium,  arc  broad  because  of  the 
great  extent  of  I  he  absorbing  layer.  Now,  calcium  is  abun- 
dant in  the  prcjminences,  and,  ntoreover,  it  shines  with  an 
intensity  greater  llian  tliat  of  (lie  leversing  layer.  The  re- 
sult is  that  the  reversing  layer  makes  a  broad,  dark  line,  say 
the  /('-line,  and  above  it  is  more  luminous  calcium  in  a  rarer 
slate  which  ])niduces  a  narrow  ])right  line  in  the  midst  of 
the  dark  one.     The  line  is  said  to  be  "  doubly  reversed." 

The  s])ectrnh(>liopraph  is  an  instrument  invented  and  per- 
fected liy  Hale  in  18!)I  for  the  purpose  of  photographing 
the  sun  with  the  light  from  a  single  element.  The  ideas  on 
which  it  riepends  were  almost  sinuiltaneou.sly  developed  and 
applied  by  Deslatnlres.  In  this  instrument,  or  rather  com- 
bination of  instruments,  the  sunlight  is  passed  through  a 
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spectroscope  and  is  spread  out  into  a  spectrum.  The  A'- 
line,  which  is  most  frctiiu-ntly  used,  is  doubly  reversed  in 
the  regions  of  faculae  and  prominences.  All  the  spcctrimi 
is  cut  off  by  an  opaque  screen  exci'pt  the  brijilil  part  of  the 
A'-hne  which  passes  throu>!;li  ii  second  iKirrow  slil.  That  is, 
the  only  light  which  passes  through  both  slits  is  the  calciiun 
light  from  that  portion  of  the  sun's  image  which  falls  on  the 
first  sht  of  the  spectroscojie.  In  Fig.  lol,  N  is  the  image 
of  the  sun  at  the  focal  plane  of  the  telescope,  A  is  the  slit 
of  the  spectroscope  (the  prisms  are  not  shown),  T  is  the 
spectrum  wlndi  falls  un  the  screen  Ii,  H  is  ti  slit  in  the  screen 
B  which  is  adjusted  so  that  it,  admits  the  bright  center  of 


Fill.   151.  —  The  spectroheliograph. 


the  doubly  reversed  A'-litie,  and  /•*  is  a  photographic  plate  on 
which  the  A'-line  falls.  Tlie  ai)i)aratus  is  so  made  that  the 
slit  .1  may  be  moveil  across  the  innige  of  the  sun  iS,  and  the 
slit  Ii  sinmltaneously  moved  so  that  the  A'-line  falls  on 
successively  different  parts  of  llu'  pliutograpliic  plate  /■*.  In 
this  manner  a  photogra[)h  of  the  h<(l  calcium  vapors  which 
lie  above  the  reversing  layer  may  be  obtained  ;  such  a  photo- 
graph is  shown  in  Fig.  152.  Some  other  spectral  Ones  have 
also  l>een  u.sed  in  this  way.  For  example,  two  photographs 
of  a  spot  with  the  s<j-called  //-line  are  shown  in  Fig.  ];)3. 

The  width  of  a  spectral  Hue  depends  upon  the  density  of 
the  ga,s  which  is  emitting  the  light.  Supi)ose  a  thick  layer 
of  calcium  gas  which  is  rare  at  the  top  and  denser  at  the  bot- 
tom gives  a  briglit  A'-line.     The  central  part  will  be  due  to 
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light  coming  from  nil  depths,  particularly  from  the  higher 
layers  where  absorption  is  unimportant.  On  the  other 
hand,  the  marginal  parts  of  the  line  will  be  due  to  light 


Fui.    io'2.  —  S|)fc'lrohi'liugr:iin  of  llie  sun  tiiltpti  willi  the  duubly  revcrwil 
calcium  liuu.     I'lwtooraplud  bu  Halt  and  Elkrnuin  at  Yerket  Obntnalary. 


coming  from  the  lower  levels  where  the  gas  is  denser.  Fol- 
lowing out  these  principles,  ami  using  u  very  narrow  slit, 
Hale  first  obtained  photographs  of  dilTerent  levels  of  the 
Bolur  Atmosphere. 
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238.  The  Corona.  —  Durinp  total  prlipses  the  sun  is 
aeon  to  be  surrouixlpil  by  a  halo  of  fK-arly  lin'it,  railed  the 
corona,  exten<ling  out  21M),(X)()  or  ;inO,((00  miles,  while  some 
of  the  streamers  reach  out  at  least  .'),000,0(K)  miles.  So  far 
it  has  not  been  possible  to  find  any  observational  evidence 
of  the  corona  except  at  the  times  of  total  eclipses  of  the  sun. 
One  of  the  reasons  that  eelip.'se.s  are  nf  great  scientific  in- 
terest is  that  tliey  atTord  an  i)])p()rtuiiitj-  of  studying  this 
remarkable  solar  appendage.  The  brief  duration  of  total 
eclipses  and  their  infrerjuency  have  made  progress  in  the 
n*searches  on  the    corona  rather  slow.     The  corona  is  not 


Flo.   l.'i.'i.  —  ."^lu'itrolicli'mnuii- of  :i  Mjii  ^|k.i  with  tin-  rliiiilily  reversed  fZ-line 
of  caJciuni.     UaU  atui  ElUmnait,  Solar  ObKrsatorv,  Aug-  7  and  9,  WIS. 

arranged  in  concentric  layers  like  an  atmosphere,  but  is 
made  up  of  complicated  systems  of  streamers  (Fig.  154),  in 
general  stretching  out  radially  from  the  sun,  but  often  simply 
and  doubly  curved,  and  somewhat  resembling  aurorsB. 
Many  obser\'ers  have  declarcti  that  its  finely  detailed  struc- 
ture resembles  the  Orion  nebula. 

The  coronal  streamers  often,  perhaps  generally,  have 
their  hasps  in  the  regions  of  active  prominences,  but  e.xcep- 
tions  have  been  noted.  That  they  are  in  .some  way  con- 
nected with  activity  on  the  sun  is  shown  by  the  fact  that  the 
form  of  the  corona  changes  in  a  cyi^le  of  about  eleven  years, 
the  same  as  that  of  sun-spot  activity.  .\t  sun-spot  maxima 
the  coronal  streamers  radiate  from  all  latitudes  nearly 
2d 
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equally.  As  the  maxima  pa«s,  tin-  coronal  streamers  grad- 
ually withdraw  from  the  poles  of  the  sun  and  extend  out  to 
RTeater  distances  in  the  8un-s{>ot  zones.  At  the  sun-.spot 
minima,  the  corona  consists  of  short  rays  in  the  polar  regions, 
cun'ed  away  from  the  solar  axis,  and  long  streamers  extend- 
ing out  in  the  equatorial  plane. 

The  spectroscope  shows  ifuit  the  corona  emits  three  kinds 
of  light.  First,  there  is  a  small  quantity  which  i.s  known 
to  b<»  reflected  .sunlight,  for  it  gives,  though  faintl.y,  the 
Fraunhofer  ab.sorption  lines,  iind  it  is  jjohirinctl.  Second, 
there  is  white  light  whose  .source,  according  to  the  first  law 
of  spectrum  analysis,  must  be  iiicandesceut  soUd  ur  liquid 
particles.  Lastly,  there  is  ii  hiight-line  s])ectruiii  vvho.se 
source,  according  to  the  secontl  law  of  spectrum  analysis, 
must  be  an  incandeticent  ga.«i.  The  most  consi>icuou.s  line 
is  in  the  green  and  is  emitted  by  an  element,  called  coroniiim, 
which  is  not  yet  known  on  the  earth.  There  seems  to  be 
at  least  one  other  substance  present,  but  no  knowTi  elements. 

According  to  present  idea,s,  the  eoroiui  consists  of  dust 
particles,  liquid  globules,  and  small  masses  of  gas  which 
are  widely  scattered.  From  the  amoinit  nf  hght  and  heat 
radiated,  and  from  the  tem))enUure  which  masses  so  near  the 
sun  must  have,  Arrhenian  computet!  that  there  is  one  dust 
particle,  on  the  average,  in  every  14  cubic  yards  of  the  corona. 
The  exces-sive  rarity  of  the  corona  is  shown  by  the  fact  that 
comets  have  plunged  through  hundreds  of  thousands  of  miles 
of  it  without  being  sen,sibly  retardetl.  The  dust  particles 
and  liquid  globules  give  the  refli'cteii  light  ;  th<'  liquid,  the 
continuous  spectrum ;  anil  the  gases,  the  bright-line  spectrum. 
The  form  of  the  corona  .shows  that  its  condition  of  equilibrium 
is  not  at  all  simitar  to  that  of  an  atmosphere  like  the  one  sur- 
rountUng  the  earth.  Its  increase  of  density  toward  the  sun 
is  inexplicably  slow,  though  doubtless  light  pres.sure  and 
electrical  forces  are  oppose<l  to  gravity.  Its  radial  structure 
and  periodical  variation  in  general  form  are  without  satis- 
factory explanation. 
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239.  The  Eleven- Year  Cycle.  —  It  h:is  Ijcen  explained  that 
sun  spots  vary  in  frequency  and  distritiiition  on  the  sun's 
surface  in  a  period  averaging  a  Little  more  than  11  j'ears. 
There  are  a  number  of  other  phenomena  which  undergo 
changes  in  tlie  same  perioil. 

The  faculffi  are  must  numerous  in  tlie  sun-spot  zones, 
altliough  they  occur  all  over  the  sun.  Both  their  number 
and  the  positions  of  tlie  zone.s  where  they  are  most  numerous 
vary  perioilicaily  witli  tbe  sun-s|H)t  i)eriod.  This  is  quite 
to  be  expected,  for  the  sun  spots  and  the  faculs  are  both 
photospheric  plvcnomena. 

The  eruptive  prominences  are  frequent  in  the  sun-spot 
belts,  and  vary  in  position  with  them.  The  evidence  so  far 
also  shows  periiidic  varialious  in  tlicir  miinbers.  The  quies- 
cent prominences,  on  the  other  hand,  cluster  in  the  polar 
regions. 

The  coronal  types  clearly  vary  in  the  eleven-year  cycle, 
as  was  expisiined  in  the  ])rcH'eding  article.  Doubtless  the 
total  solar  radiation  varies  to  some  extent  in  the  same  period, 
though  this  has  not  been  verifie<I  observationally,  but  the 
time  is  now  ri|)e  for  the  invej^ligation. 

The  spectra  of  sun  spots  vary  with  the  period  of  the  spots, 
but  the  F'rauiihofer  lines  are  singularly  invariable. 

The  great  viiirations  wliieli  so  [M^werfully  agitate  the 
sun  extend  to  the  earth  ancl  probably  to  the  whole  solar 
system.  It  has  long  been  known  that  t>nth  the  horizontal 
and  vertical  eomponent-s  of  the  eartli's  magnetism  vary  in 
the  sun-spot  period,  and  that  magnetic  disturbances 
("  storms  ")  are  most  frequent  at  the  times  when  sun  spot-s 
are  most  numerous.  Likewise,  aurorte  ocrur  most  frequently 
at  the  epochs  of  great  sun-spot  actinty.  In  fact,  magnetic 
storms  and  aurorje  never  {»erur  except  when  there  is  great 
activity  in  the  sun  in  the  form  of  sun  .spt>ts  or  prominenet?* ; 
but  there  are  frequent  disturbances  on  the  sun  without 
accompanying  terrestrial  phenomena.  The  correlation  of 
these  phenomena  is  shown  in  Fig.  155. 
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The  first  suggested  explanation  of  magnetic  storms  on  the 
earth  was  that  the  sun  induces  changes  in  the  earth's  mag- 
netic state  by  sending  out  elwtromiignetie  wave.s.  Lord  Kel- 
vin raised  the  objeetion  that  if  the  sun  were  sending  out  these 
waves  in  every  direction,  it  would  give  out  as  much  energy 
in  8  hours  of  an  ordinary  electric  storm  as  it  radiates  in  tight 


I 


Fia.   155,  —  Curves  of  magnetic  storms,  promiiieDces,  faculoe.  and  hUO  npoUi 
from  1882  to  19U4. 


and  heat  in  4  months.  A  recent  exhaustive  discu.ssion  of  the 
data  ha,s  led  Muunder  to  the  conclusion  that  the  source  of 
the  periodic  magnetic  storms  is  in  the  sun,  that  the  magnetic 
disturbances  are  confined  to  restricted  areas  on  the  sun,  and 
that  their  influences  are  propagated  out  from  the  sun  in 
cones  which  rotate  with  the  sun  ;  that  when  these  cones  of 
magnetic  disturbances  strike  the  earth,  magnetic  storms  are 
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inducfcl,  and  (Init  these  magnetic  Btorms  have  intimate, 
tliougli  unknown,  relations  with  sun  spots.  The  most 
important  contribution  of  this  investigation  was  that  there 
is  much  observational  evidence  to  sliow  that  the  sun  is  not 
to  be  regarded  as  surroundetl  In-  a  |X)larizcti  magnetic  sphere, 
but  that  tiiLTC  are  definite  and  intense  stream  lines  of  mag- 
netic influence,  probably  connected  with  the  coronal  rays, 
reaching  out  ])rincipally  from  the  sj^it  zones  in  directions 
wliicli  are  not  necessarily  exactly  nulial.  It  is  a  Utile  too 
early  to  formulate  a  precise  theorj-  as  to  whether  these  streams 
are  electrifieil  jwirticles  driven  off  by  magiietii'  forces  and 
light  pressure,  or  wiiet  her  they  involve  the  minute  corpuscles 
of  which  atoms  are  composed,  or  whether  they  are  plienomena 
of  matter  and  energ>'  of  a  character  and  in  a  state  not  yet 
recognized  by  science. 

XVII.    QUESTIONS 


1.  The  apparent  diamcttT  of  thi'  sun  aa  seen  from  Iho  earth  is  about 
32' ;  what  are  the  apparent  thicknt'sse.s  of  the  corona,  chromosphere, 
and  reversing  layer  ? 

2.  The  sun's  disk  is  considerably  brighter  at  its  «<nt«r  than  noar 
its  margin  (Kig.  141) :  can  this  plicnonicnon  lie  I'.vpliiiiii'd  by  the  al>- 
sorpli<pii  of  light  by  the  nn-crsiiig  livyiT?  By  sniuU  solid  or  liquid 
particles  sonu'wherc  abcjve  the  photosphere? 

3.  If  thii  smallest  spot  that  ran  be  seen  subtends  an  angle  of  I ', 
what  is  the  diameter  of  the  smallest  suu  spot  that  can  be  seen  simply 
through  a  Bniok(<(l  glass  7 

4.  In  what  direction  do  sun  spots  appear  to  cross  the  sun's  disk 
as  a  consequence  of  its  rotation? 

5.  Why  cannot  the  corona  be  observed  with  the  aid  of  the  spec- 
troscope at  any  time,  just  as  the  prominences  are  observed? 


CHAPTER   XII 
EVOLUTION    OF   THE    SOLAR   SYSTEM 

I.  General  Considerations  on  Evolution 

240.   The  Essence  of  the  Doctrine  of  Evolution.  —  The 

fiindunu'iiliil  hiisi.s  on  which  scicticr  rests  i.s  llic  ordcrlines-s 
of  the  univei-se.  That  it  is  not  ii  chaos  has  been  confiniuHi 
l)y  an  fiiornious  amount  of  nxpcricricp,  and  tho  pririfipk- 
that  it  is  orderly  i>  now  univcrsidly  accepted.  This  princijile 
is  completed  in  a  fiitidanieiitdf  resfiect  by  the  doctrine  of 
evolution. 

Aecfirding  to  the  fundamental  principh;  of  science  the 
universe  was  orderly  yest^^rday,  is  onlerly  (o-<lay,  and  will 
1)0  orderly  to-morrow;  atu'ordin^  to  the  doctrine  of  evolu- 
tion, the  order  of  yesterday  changed  into  that  of  to-«lay  in 
a  continuous  and  lawful  manner,  and  the  order  of  to-day 
wnll  Ro  over  into  that  of  lo-inorrow  continuously  and  sys- 
tematically. That  is,  the  utuvcrsc  is  not  only  systematic 
and  orflerly  in  space,  but  also  in  time.  The  real  es.scnce  of 
the  doctrine  of  evolution  Ls  that  it  nuiintains  the  orderliness 
of  the  tinivense  in  time  as  well  as  in  space. 

Evolution  may  be  from  the  .simple  and  relatively  unorgan- 
ized to  the  complex  and  highly  organized,  or  it  may  be  in 
the  opposite  direction.  In  fact,  evolution  generally  involves 
the  two  types  of  changes.  For  example,  the  minerals  of  the 
soil  and  the  elements  of  the  atmosphere  sometimes  combine 
and  produce  a  tree  having  folinge,  flowers,  antl  fruit.  But 
the  tree  grows,  at  least  partly,  on  the  disintegrating  products 
of  other  trees  or  plants,  and  in  its  own  trunk  the  processes 
of  decay  are  active.  Or,  to  take  a  less  commonplace  example, 
with  the  advancement   of    civilization   men  have    become 
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more  sensitive  to  discords  and  more  and  more  capable  of 
appreciating  certain  types  nf  harmony.  There  is  almost 
certainly  a  correspondiiig  iinprovpincnt  in  the  structure  of 
their  nervous  sybicin.  On  thr  otlirr  hiind,  there  is  degener- 
ation in  the  quality  of  their  teeth  and  hair.  The  changes 
in  the  two  directions  are  tjoth  oxaniplrs  uf  evolution. 

As  knowlfd^c  increases  it  is  found  that  everything  is  con- 
tinually changing.  Individuals  change,  institutions  change, 
languages  change,  and  even  the  "  eternal  hills  "  are  broken 
up  and  vva.shed  away  by  the  elomcnts  in  a  moment  of  geo- 
logical time.  Moreover,  all  these  changes  are  found  to  be 
perfectly  orderly.  The  doctrine  of  evolution,  a.s  defined  here, 
is  so  fundanientally  .sensible  and  is  confirmed  by  so  much 
experience  that  scientists,  the  world  over,  accept  it  with  ab- 
solute confidence.  There  have  been,  and  there  doubtle-ss 
will  continue  to  be,  difTerences  of  opinion  regarding  what 
the  precise  processes  of  certam  particular  evolutions  may 
have  been,  but  there  is  no  disagreement  whatever  regarding 
the  fundanienlat  [irinciples. 

241.  The  Value  of  a  Theory  of  Evolution.  —  The  impor- 
tance of  a  general  prin'i|ile  is  proportional  to  the  number 
of  known  facts  it  correlates.  Tliis  is  a  general  proposition 
with  special  applications  in  science.  Since  a  theory  of 
evolution  is  concerned  largely  with  the  relations  among 
the  data  established  by  experience,  it  naturally  forces  an 
attempt  at  their  correlation.  Moreover,  the  relations  are 
examined  in  a  critical  spirit,  .so  that  any  errors  in  the  data 
or  misconceptions  regarding  their  relations  are  apt  to  be 
revealed.  Therefore,  an  attempt  to  construct  a  theory  of 
evolution  is  of  \'alue  becau.se  it  leads  to  a  better  understand- 
ing of  the  material  upon  which  it  is  bemg  based. 

A  theory  of  evolution  invariably  demands  a  knowledge 
of  facts  in  addition  to  tho.se  upon  which  it  is  based.  In  this 
way  it  stimulates  antl  directs  investigation.  A  great  major- 
ity of  the  investigations  which  scientific  men  make  are  for 
the  purpose  of  proving  or  disproving  some  theory  they  have 
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tentatively  formuluted.  Tlic  true  scientist  often  has  pre- 
conceived notions  sis  to  what  is  true,  but  he  conscientiously 
follows  the  results  of  experience. 

A  broad  scientific  theory  involvps  many  secondary  theories 
depending  upon  special  groups  of  i)lietioinena.  For  example, 
a  theory  of  the  origin  and  development  of  the  solar  system 
will  involve  theories  of  the  sun's  heat,  of  the  revolution  of 
the  planets,  of  the  rotation  of  the  planets,  of  the  planetoids, 
of  the  zodiacal  light,  etc.  In  the  construction  of  a  general 
theory  of  evolution  the  secondarj'  theories  are  related  to 
the  whole,  and  m  this  way  tliey  are  subjected  to  a  searching 
examination.  The  criticism  of  secondary  theories,  whether 
the  result  is  favoiafjlc  or  ailvcrse,  constitutes  another  impor- 
tant value  of  the  development  of  a  theory  of  evolution. 

The  activities  of  men  are  largely  directed  toward  satisfying 
their  intellectual  wants,  though  this  fact  might  be  easily 
overlooked.  For  example,  they  do  not  ordinarily  visit  for- 
eign countries  to  get  more  to  eat  or  wear,  but  to  acquire 
broader  views  of  the  world.  The  imporfant  thing  in  travel- 
ing is  not  that  a  person  goL's  physically  to  any  particular 
place,  but  that  he  gets  the  intellectual  experiences  that 
result  from  going  there.  Astronomers  cannot  travel  through 
the  vast  regions  of  space  which  they  explore,  but  the  long 
arms  of  their  analystis  reach  out  and  gather  up  the  facts 
and  bring  them  to  their  consciousness  with  a  vividness 
scarcely  surpassed  in  any  experience.  As  their  powerful 
instruments  and  mathematical  proce.s.ses  extend  their  experi- 
ence in  space,  so  a  theory  of  evolution,  to  the  extent  that  it  is 
complete  and  sound,  extends  their  experience  in  time. 

Finally,  a  theorj'  which  gives  unity  to  a  great  variety  of 
observation.'d  data  is  of  rare  aesthetic  value.  It  is  related 
to  the  catalogue  of  imperfectly  correlated  facts  upon  which 
it  is  based  as  a  finished  and  magnificent  cathedral  is  to  the 
unsightly  heaps  of  stone,  Ijrick,  and  wood  from  which  it 
was  built.  In  .'*ome  reflections  along  this  line,  near  the 
close  of  his  popular  work  on   astronomy,   Laplace    said, 
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"  Contemplated  as  one  prand  vvholr,  astronomy  is  the  most 
beautiful  mnnument  of  tiur'  human  mind,  tlie  noblest  record 
of  its  intelligence." 

In  \-iew  of  these  considerations  it  is  evident  that  the  evohi- 
tion  of  the  solar  system  is  a  sulijwt  to  whifh  the  astronomer 
naturally  gives  serious  attention.  The  foremost  authorities 
of  the  present  time  have  treated  the  question  in  lectures, 
in  essays,  and  in  books.  When  new  discoveries  are  made 
their  bearings  on  evolutionary  theories  are  at  once  examined. 
,\.strnnomers  are  rajiidly  approaching  the  point  of  view  of  the 
biologists,  who  interpret,  all  of  their  phenomena  in  tenns  of 
evolutionary  doctrines.  Yet  .scarcely  a  generation  ago  many 
astronomers  regarded  the  consideration  of  the  evolution  of 
the  solar  system  ius  a  dangerous  specuhition. 

242.  Outline  of  the  Growth  of  the  Doctrine  of  Evolution. 
—  Every  great  discovcrv  doubtless  luus  been  the  culmination 
of  a  long  period  of  i>reliniinaiy  w(jrk,  and  before  final  success 
has  Ijeen  attained  generally  many  men  have  approximated 
to  the  truth.  So  it  has  been  vnth  the  doctrine  of  evolution. 
The  ancii'nt  (Ireeks  develojKHl  theories  that  everything  had 
evolved  from  fire,  or  from  air  and  wat^er,  Thest?  theories 
contained  the  germ  of  the  idea  of  evolution,  but  their  authors 
had  not  laid  .securely  enough  thi'  foundations  of  science  to 
enable  them  to  treat  successfully  the  development  of  the 
universe.  .•V.fter  the  decline  of  their  intellectual  activity 
the  subject  of  evolution  was  not  considered  seriously  for 
many  centuries. 

In  the  eigliteenth  century  geologists  were  groping  for  a 
satisfactory  theory  regarding  the  succes.sion  of  the  life 
forms  whose  fossils  were  found  in  the  rocks.  They  seem  to 
have  concluded  on  the  whole  that  the  earth  liad  been  sulv 
ject  to  a  number  of  great  cataclysms  in  which  all  life  was 
destroyed.  Thej'  supposed  that  following  each  destruction  of 
life  there  had  been  a  new  creation  in  which  higher  forms  were 
produced.  The  prevalence  of  such  ideas  as  these  .shows  with 
what  difficulty  the  doctrine  of  evolution  was  developed. 
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In  1750  Tliomn.s  WriRht,  of  Durham,  Englan(i,  published 
a  theory  of  the  evolution,  not  only  of  the  solar  sj'stem,  but 
also  of  all  the  stars  that  fill  the  sky.  The  chief  merit  of 
tlvis  work  was  that  indirectly  it  gave  a  straightforward 
exposition  of  the  doctrine  of  evolution.  Its  chief  influence 
seems  to  have  been  on  the  young  philo.'sopher  Kant,  into 
whose  hand.s  it  fell.  Kant  at  once  turnrd  his  brilliant  mind 
to  the  contemplation  of  the  problems  of  cosmogony,  or  the 
evolution  of  the  celestial  bodies,  and  in  1755  he  published 
a  remarkable  Itook  on  the  subject.  But  the  world  seems  not 
to  have  been  ripe  for  the  idea  of  evolution,  because  neither 
the  work  of  Wright  nor  that  of  Kant  had  any  important 
influence  upon  science. 

In  179G  the  great  French  astronomer  and  mathematician 
Laplaoe  published  his  celebrated  "  Neljular  HyjKjthesis."  It 
was  supjK>rted  by  the  great  name  of  its  author,  and  it  was 
relatively  .simjile  and  easily  understood.  Moreover,  during 
the  French  Revolution  the  world  had  acquired  a  new  point 
of  view  and  ha<l  beenme  more  receptive  of  new  ideas.  For 
these  re:u3ons  the  theory  of  Laplace  soon  obtained  wide 
acceptance  among  scientific  men.  It  made  a  profound 
impression  on  geologists  because  it  furni.shed  them  with  an 
accokmt  of  the  early  history  of  the  earth.  It  gave  them 
astronomical  authority  for  an  originally  hot  and  molten 
earth  whicii  had  solidifird  on  cooling.  It  encouraged  them 
to  interpret  geological  phenomena  by  geological  principles. 
In  the  early  decades  of  the  nineteenth  century  geologists 
largely  abandoned  the  idea  that  the  earth  had  neces.sarily 
been  visited  !>3'  dcst  ructive  cataclysms,  and  adopted  the  view 
that  it  had  undergone  a  continuous  series  of  great  changes 
at  a  roughly  uniform  rate. 

The  work  of  the  geologists  led  naturally  to  the  extension 
of  the  doctrine  of  evolution  to  the  biological  sciences.  In 
the  first  place,  the  belief  that  the  earth  was  enormously 
old  had  become  current.  In  the  second  place,  there  were 
unmistakable  evidences  that  the  surface  of  the  earth  had 
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undergone  extensive  changes.  In  the  third  place,  the  early 
rocks  contained  only  fossils  of  low  forms  of  life,  while  the 
later  rocks  contained  fossils  of  higher  forms  of  life.  In  addi- 
tion, there  were  many  direct  evidences  of  a  purely  biological 
character  that  there  was  an  almost  continuouis  series  of  life 
forms  frfini  the  l<jwest  to  the  highest. 

The  principle  of  biological  evolution  seems  to  have  been 
taking  d<"fimtp  shape  simultaneously  in  the  minds  of  ('harles 
Diirwin,  Alfred  Ru.ssel  Wallace,  and  Herbert.  Sjiencer. 
Darwin  and  Wallace  were  naturalists  and  Spencer  was  a 
philo.sopher.  In  1858  Darwin  published  his  Origin  of 
Sjtecie)),  in  which  he  brought  together  the  results  of  almost 
a  hfetime  of  keen  ob.servations  and  profountl  reflections. 
He  gave  unan.swerable  evidence  for  his  conclusion  that 
during  the  geological  ages,  as  a  eon.sequence  of  changing 
enviromncnt,  natural  selection,  survival  of  the  fittest,  etc., 
one  species  of  animals  gradually  changetl  into  another,  and 
that  at  the  present  time  all  the  higher  types  of  animals, 
including  man,  are  more  or  le.ss  closely  related. 

In  spite  of  the  fact  that  the  doctrine  of  evolution  is  full  of 
hope  for  (he  future  progress  of  the  human  race,  Dan\'in'8 
book  aroused  the  bitterest  antiigonism.  While  biologists  do 
not  now  fully  agree  with  him  as  to  the  relative  importance 
of  the  various  factors  involved  in  biological  evolution,  never- 
theless they  universally  accept  liis  fundamental  conclusions. 
Moreover,  the  changes  in  political,  social,  and  religious  insti- 
tutions are  now  considered  in  the  light  of  the  same  ideas. 
That  is,  the  condition  of  the  whole  universe  at  one  time 
evolves  continuously  and  in  obedience  to  all  the  factors  op- 
erating on  it  into  that  which  exists  at  another  time. 

In  brief,  the  development  of  the  modern  doctrine  of  evolu- 
tion is  as  follows :  In  the  middle  of  the  eighteenth  century 
its  first  beginnings  were  laid  in  a.stronomy  by  Wright  and 
Kant.  At  the  end  of  the  century  it  was  given  an  enormous 
impulse  by  the  astronomer  and  mathematician,  Laplace. 
His  theory  of  the  origin  of  the  earth  stimulated  geologists 
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to  adopt  it  in  the  earl}'  decades  of  the  nineteenth  centurj'. 
By  the  middle  of  thi'  century  it  was  being  definitely  ajjplied 
in  the  biological  sciences.  In  1858  Darwin  published  his 
great  masterpiece,  The  Origin  of  Species,  whicli  gave  the 
whole  world  a  new  jwint  of  view  and  rcvnlutionized  its 
methods  of  thought.  The  development  and  atloption  of  the 
doctrine  of  evolution  was  the  greatest  achievement  of  the 
nineteenth  centurj-. 

XVIII.     QUESTIONS 

1.  Is  the  erosion  of  the  nhasm  below  Niagara  Falls  an  example 
of  an  evolution?  la  thr-  f (oaring  away  of  tho  fornsls  nntl  tliH  pri'p- 
aration  of  the  land  for  fultivation  ?     Is  an  H.xplosion  of  rlynaniite? 

2.  Would  the  direct  erealion  of  men  and  lower  animals  be  an 
example  of  evolution? 

3.  Do  the  ehangeR  in  seientiflo  ideas  constitute  an  evolution? 

4.  Are  reh'gious  ideas  undprEoinK  an  evolution? 

5.  Will  Ihi'  doctrine  of  cvolutlun  iinderjro  hh  evolution? 

6.  The  universe  in  our  vifinity  at  the  present  time  is  believed 
to  be  orderly  ;  is  it  reasonalile  to  suppose  that  in  remote  regions  or 
at  remote  times  it  was  not  orderly  ? 

7.  Why  was  the  doetrine  of  evolution  first  i-learly  understood  in 
astronomy  7 

8.  According  to  the  doctrine  of  evolution,  will  two  identical 
conditions  of  the  universe  lead  to  identieal  restilts?  Is  it  probable 
that  the  universe  is  twice  in  exactly  the  same  slate? 


II.   Data  of  the  Problem  or  Evolution  of  the  Solar 

System 

243.   General    Evidences    of    Orderly    Development.  — 

There  are  certain  obvious  evidences  that  the  solar  system 
has  undergone  an  orderly  evolution.  For  example,  the 
planets  all  revolve  around  the  sun  in  nearly  the  same  plane 
and  in  the  same  flirection.  There  are  in  addition  over  800 
planetoids  which  have  similar  motions.  Moreover,  the  sun 
and  the  four  planets  whose  surface  markings  arc  distinctly 
visible  rotate  in  the  same  direction.  So  great  a  uniformity 
can  scarcely  be  the  result  of  chance. 
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In  order  to  treat  the  matter  numerically,  suppose  there  are 
800  l)odies  whose  planes  of  motion  do  not  differ  from  the 
plane  of  the  earth's  orbit  by  more  than  18",  and  whose 
direftions  of  motion  are  the  same  as  that  of  the  earth.  Since 
the  inclination  of  an  orbit  could  be  anything  from  0°  to  180°, 
the  chance  that  it  would  he  between  0°  and  18°  is  i^.  The 
■prol)aFiility  that  the  planes  of  the  orbits  of  two  bodies  would 
be  less  than  18°  is  (^)=.  And  the  probability  that  the 
same  would  be  true  for  8()0  bodies  is  only  (r^)*"",  or  unity 
divided  by  1  followed  by  800  ciphers.  This  probability  i,s 
so  .small  that  we  are  forced  to  the  conclusion  th.'it  the  arrange- 
ment of  the  planets  in  the  solar  .system  is  not  accidental. 
Both  Kant  and  Laplace  made  use  of  lliis  line  of  rejisoning. 

A  planet  may  revolve  around  the  sun  in  an  orbit  of  any 
eccentricity  from  0  to  1.  Of  the  more  than  800  planets 
and  planetoids,  the  orbits  of  524  have  eccentricities  less  than 
0.2,  the  orbits  of  all  except  26  have  eccentricities  less  than 
0.3,  and  the  orbit  of  only  one  ha.s  an  eccentricity  greater 
than  0.5.  These  remarkable  facts  imply  that  some  .sys- 
tematic cause  has  been  at  work  which  has  produced  plan- 
etary orbits  of  low  eccentricity.  And  both  the  po,sitions  of 
the  planes  and  the  small  eccentricities  of  the  orbits  of  the 
planets  prove  conclusively  that  the  solar  system,  in  all  its 
history,  has  not  been  subject  to  any  important  external  dis- 
turbance, such  as  a  closely  jja.ssing  star. 

244.  Distribution  of  Mass  in  the  Solar  System.  —  Nearly 
all  the  matter  of  the  solar  system  is  concentrated  in  the  sun. 
In  fact,  all  the  planets  together  contain  less  than  one  seventh 
of  one  per  cent  of  the  mass  of  the  entire  sy.stem.  Although 
the  mjiss  of  Jupiter  is  more  than  2.5  times  that  of  all  the 
other  planets  combined,  it  is  less  than  one  thousandth  that 
of  the  sun. 

It  is  important  to  know  whether  the  masses  of  the  sun 
and  planet*  are  now  changing.  There  is  certainly  at  pres- 
ent no  appreciable  transfer  of  matter  from  one  body  to 
another.    The  sun  may  be  losing  some  particles  by  ejecting 


CH.  xn.  244]    EVOLUTION   OF  THE    SOL^VR   SYSTEM      415 

them  from  its  surface  in  an  clectrifiod  condition,  and  a  very 
small  percentage  of  the  ejected  particles  may  strike  the 
planets,  but  it  is  very  improbable  that  the  process  has  had 
imjxirtant  effects  on  the  distribution  of  mas.s  in  the  solar 
system,  even  in  the  enormous  intervals  of  time  required  for 
its  evolution. 

The  m!i.ss  of  the  earth  is  slowly  increasing  by  the  meteoric 
material  vviiich  it  sweeps  up  in  its  journey  around  the  sun. 
It  is  not  unreasonable  to  suppose  that  the  other  planets, 
and  possibly  the  sun,  are  growing  similarly.  This  growth, 
at  least  in  the  case  of  the  earth,  is  too  slow  at  present  to 
have  a  very  imiwrtant  hearing  on  the  evolution  of  the 
whole  system.  But  if  the  meteors  are  permanent  members 
of  the  solar  system,  the  more  thej'  are  swept  up  by  the 
planets  the  more  infrequent  they  become  and  the  smaller  the 
number  a  planet  encounters  in  a  day.  Consequently,  the 
acquisition  of  meteoric  material  by  collision  may  once  have 
Ijeen  a  much  more  important  factor  in  the  evolution  of 
the  planets  than  it  is  at  the  present  time.  In  fact,  so  far 
as  general  cuusiderations  go,  appreciable  fractions  of  the 
masses  of  the  planets  may  have  been  obtained  from  meteoric 
material.  But  it  is  improbable  that  the  great  sun  has 
grown  sensilily  in  this  way. 

It  follows  from  this  discussion  that  i)rol>al>ly  the  remote 
antecedent  of  the  solar  system  consistwl  of  an  overwhelm- 
ing central  mass  ami  a  very  small  quantity  of  matter  tlis- 
tributed  somewhat  irregularly  out  from  it  to  an  enormous 
distance.  At  any  rate,  if  this  were  not  the  original  tlislribu- 
tion  of  matter,  the  conditions  iiiu.st  have  been  such  that  the 
central  condensation  resulted  in  harmony  with  the  laws 
of  dynamics.  The  ever-increasing  distances  between  the 
planets  is  shown  in  Figs.  96  and  97.  The  relatively  .-iraall 
masses  of  the  ]>lanets  and  their  enormous  tlistances  from  one 
another  are  among  the  most  remarkabh'  facts  that  need  to 
be  taken  into  account  when  considering  their  origin  and 
evolution. 
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An  additional  fact  which  must  be  noted  is  that  the  ter- 
restrial planets  contain  the  heaviest  known  substances.  The 
sun  iiho  contains  heavy  elements  (Art.  234),  though  the 
spectral  lines  of  ttie  very  heaviest  have  not  been  found. 
The  constitution  of  the  large  planets  is  not  so  well  known, 
though  it  may  be  inferred  from  their  low  densities  and  mod- 
erate temperatures  that  they  contain  largely  only  the  light 
elements.  Any  hypothesis  as  to  the  origin  of  the  planets, 
in  oriler  to  be  satisfsu-tory,  must  make  provision  for  this 
diritributidii  of  (he  elements, 

245.  Distribution  of  Moment  of  Momentum.  —  In  at- 
tempting to  gu  back  to  the  origin  of  tlie  solar  system  it  is 
natural  to  consider  its  mass  and  ilistribution  of  mass  because 
matter  is  indestructible.  For  a  similar  reason,  the  distribu- 
tion of  the  niurnent  of  moitifnlum  of  the  system  among  its 
various  members  is  of  fumlaincntal  importance.  That  is, 
if  the  solar  system  has  undergone  its  evolution  free  from 
exterior  disturliances,  its  total  moment  of  momentum  is 
now  exactly  equal  to  what  it  was  at  the  beginning  and  at 
every  stage  of  its  development. 

\n  has  been  stated,  the  sinsdl  mutual  inclinations  of  the 
orbits  of  the  planets  and  the  small  eccentricities  of  their 
orbits  ivoth  prove  that  the  solar  sj'stem  has  been  subject 
to  tio  important  exterior  influences  since  the  planets  were 
formetl.  Hence  any  hypothetical  antecedent  of  the  system 
must  be  assigned  the  quantity  of  moment  of  momentum  it 
now  possesses.  Aitlumgh  this  fact  is  perfectlj'  clear,  it  was 
overlooked  by  Kant  and  was  not  given  adequate  consider- 
ation by  Laplace  and  his  followers. 

In  Table  XII  the  nuuss  and  moment  of  momentum  is 
given  for  the  sun  and  each  of  the  eight  planets  in  such  units 
that  the  sums  are  unity.  The  moment  of  momentum  of  the 
sun  depends  up<in  its  liiw  of  density.  In  the  computation  it 
was  aj<sun»ed  that  the  mass  is  concentrateti  toward  the  in- 
terior according  to  a  law  of  increase  of  density  formulated 
by  Laplace.     The  rotations  of  the  planets  contribute  so 
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little  to  the  final  re.siilts  that  it  is  not  important  what  law  of 
density  is  used  for  them. 

Table  XII 


Boor 

Mam 

MoHBirr  or 

Sun 

Mercury 

Venus 

Earth 

Mars 

Jupiter 

Saturn      

Uranus 

Neptune 

0.fH)8H.'j00 
0.0000001 
0.(KXJ<)02.''. 

o.ooooo;jo 
o.oooooo;i 
o.tX)iH»r)8 

0.00028.52 

o.0O(]O4:«J 

0.00(X),')I1 

0.027423 
0.000017 
0.000576 
0.000827 
0.000112 
0.599273 
0.241924 
0.052845 
0.077003 

ToUl 

i.ooooaw 

1.000000 

It  is  seen  from  this  table  that  although  the  ma.s«  of  the  sun 
is  700  timo.s  as  great  a.s  that  of  all  the  planets  eomliined, 
its  moment  of  mornentum  is  only  a  tittle  over  ^  that  of  the 
planets.  Or,  conHiderinK  (he  material  interior  to  the  orbit 
of  Saturn,  it  is  found  (hat  while  Jupiter  contains  only  ^ 
of  one  per  cent,  or  riAnr'  "f  the  entire  mass,  it  [wssesses 
more  than  9.5  per  eent  of  <he  moment  of  momentum. 

One  at  onee  inquires  whether  the  dish'ibiitinn  of  moment 
of  momentum  is  now  l>eing  chanKed.  The  mutual  attrae- 
tions  of  the  planets  produce  srime  ehanges  in  the  distribu- 
tion of  moment  of  momentum,  but  they  are  of  no  importance 
whatever  in  connection  with  the  [iroblem  under  consideration. 
The  tides  which  a  planet  genrrates  in  the  sun  reduce  the 
moment  of  momentum  of  the  sun  and  increase  that  of  the 
planet.  But  here  again  the  results  are  inappreciable  even 
for  thousands  of  millions  of  years.  The  earth  encounters 
meteoric  matter  in  its  revolution  around  the  stm,  and  it  is 
probable  that  the  other  planets  are  subject  to  similar  dis- 
turbances. The  result  of  the  resistance  by  meteors  is  to 
reduce  the  moment  of  momentum  of  the  planets.  At  pres- 
2ii 
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ent  the  effects  of  meteors  (ja  the  motion  of  the  earth  are 
inappreciable,  but  it  is  not  certain  that  they  were  not  once 
important.  Howpver,  whether  or  not  they  have  ever  l>ecn 
of  importanee,  they  cannot  rchevo  the  iiu'quahtios  in  the 
table,  for  they  are  decreasing  the  moment  (if  momentum  of 
the  planets,  which  arc  still  rolidivcly  verj'  largo.  In  fact, 
there  have  been  nn  known  inHiifnccs  at  work  which  couhl 
have  sensibly  morlified  the  distribution  of  the  moment  of 
momentum  of  the  system  since  the  sun  and  planets  have 
been  separate  ixxlifs. 

It  remains  to  inquire  whether  the  sun  and  planets  may  not 
once  have  been  parts  of  one  mass  with  a  itistrilnition  of 
minncnt  of  momentum  quite  different  from  tiiat  fouml  at 
present.  Since  the  planets  are  not  receding  from  the  sun, 
the  only  |Kissibili1y  is  tliat.  the  sun  and  the  i>lanels  were 
f<3rmerly  .so  expanded  that  the  mati-rial  uf  which  they  are 
compo.sed  was  more  or  Ir-ss  interminRle<l. 

According  (n  the  ccmtraction  theory  of  t!ic  be.'it  of  the  sun. 
the  sun's  dimensions  were  formerly  greater  than  lhe\-  arc 
at  present.  Indeed,  the  sun  luus  been  supposed  to  have 
once  filled  nil  the  spiice  now  occupied  by  the  phmets.  Fol- 
lowed backward  in  time,  the  sun  is  found  to  be  larger  and 
larger,  rotating  more  and  mure  slowly  because  its  moment 
of  momentum  remained  constant  during  contraction,  and 
more  and  more  nearly  .sphericid  iiecause  a  rotating  Ixjdy 
becomes  more  oblate  with  contraction.  It  follows  from  the 
table  that  if  the  planets  which  are  interior  to  Jupiter  were 
added  to  the  sun  they  woidd  not  have  an  important  effect 
on  its  moment  of  momentum. 

Now  suppose  the  sun  was  once  expanded  out  to  the  orbit 
of  Jupiter;  its  radius  was  more  than  IfMH)  times  its  present 
radius,  its  volume  wtus  more  than  1(M)(V  =  1 ,000,0(X),0(X) 
times  its  present  volume,  and  its  flensity  was  correspond- 
ingly less.  Even  if  it  wa,s  not  condensed  toward  the  center, 
the  density  at  its  periphery  was  then  less  than  one  millionth 
of  that  of  t  he  earth's  atmosphere  at  sea  level.     It  follows  from 
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thn  fact  that  tlio  momnit  of  momentum  was  neccssjirily 
constant,  that  its  period  of  rotation  must  have  been  alx»ut 
70,000  years.  But  Jupiter's  jjeriod  of  revolution  is  about 
12  years.  Now,  thfrefore,  either  Jupiter  wjis  then  quite 
independent  of  the  general  solar  mass ;  or,  if  not,  in  some 
unknown  way  this  extremely  tenuous  material  must  have 
imparted  to  that  miiiule  fraction  of  itself  whieli  later  became 
Jupiter  cnougili  moment  of  momentum  to  reduce  the  pi^riod 
of  this  part  from  70,000  years  to  12  years.  More  speeifieally, 
it  is  seen  from  llie  table  that  Jupiter,  which  contains  one 
tenth  of  one  per  cent  of  the  ma.ss  of  the  solar  system  within 
the  orbit  of  Saturn,  carries  over  95  per  cent  of  the  moment 
of  momentum.  If  is  iiiere<lible  that  this  extreme  distribu- 
tion of  moment  of  momentum  could  have  developed  from  an 
approximately  uniform  distriliution,  especially  in  a  mass 
of  such  low  (tensity,  and  no  one  has  been  able  to  formulate 
a  plausible  explanation  of  it.  Consequently,  it  must  be 
concluded  that  the  distribution  of  moment  of  momentum 
in  the  solar  system  hfus  not  changed  a])preciab!y  since  it  has 
been  free  from  important  exterior  forces. 

246.  The  Energy  of  the  Solar  System.  —  Tn  considering 
the  energy  of  the  solar  sy.steni,  the  <liseu8sion  must  include 
its  kinetic  energy,  heat  energj',  ix)tential  energy,  and  sul>- 
atomie  energy. 

The  kinetic  energy  of  a  body  is  its  energy  of  motion 
including  translation,  rotation,  and  internal  currents.  The 
kinetic  energ>'  of  the  solar  system  consists  of  it«  energy  of 
traaslatioa  and  of  the  internal  motions  of  its  parts.  The 
former  cannot  have  changetl  except  by  the  action  of  exterior 
forcej?.  Moreover,  its  value  is  n(Tt  accurately  known,  and 
it  has  no  relation  to  the  remaining  energj'  of  the  system  so 
long  as  no  other  celestial  liody  is  encountered.  Therefore 
it  will  be  g^ven  no  further  ci)nsideration  in  this  connection. 
The  mutual  attractions  of  the  planets  change  their  transla- 
tory  motions,  but  in  such  a  way  that  the  sum  of  their  kinetic 
and  potential  energies  remains  constant. 
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The  sun,  jjlaneta,  and  satellites  raise  tides  in  one  another. 
In  these  tides  there  is  some  friction  in  which  kinetic  cnergj' 
degenerates  into  heat  cnergj',  wliich  is  radiated  awaj'  into 
space.  In  this  way  the  solar  system  is  losing  energy.  The 
heat  energy  from  all  other  sources  is  likewise  being  lost  by 
radiation. 

The  potential  energj"  of  a  system  is  equal  to  the  work 
which  may  be  done  upon  it,  in  virtue  of  the  relative  positions 
of  its  parts,  b)'  the  forces  to  which  it  is  subject.  For  example, 
a  body  lUO  feet  above  the  surface  of  the  earth  is  subject  to 
the  attraction  of  the  earth.  The  earth  would  do  a  certain 
aniouiit  i>f  work  upon  the  body  in  causing  it  to  fall  from  an 
altitude  of  100  feet  to  its  surface.  This  work  equals  the 
potential  energy  of  the  body  in  its  original  position.  In 
the  ca.se  of  the  translations  of  the  planets,  as  has  been  stated, 
the  sum  of  their  kinetic  and  potential  energies  is  constant. 
But  if  the  sun  or  a  planet  contracts,  the  potential  energy  of 
its  expanded  condition  is  traiisftirmed  into  heat  (Art.  216), 
which  is  at  least  partly  lost  by  radiation.  In  this  way  the 
total  energy  of  the  system  decreases,  and  the  diminution  may 
be  lartje  in  atnotint. 

Tlicre  is  certainly  a  large  amount  of  subatomic  energy  in 
uranium,  radium,  and  probably  in  all  other  elements.  In  the 
ciuse  of  the  radioactive  substances  ttiis  energj'  is  slowlj-  trans- 
formed inti)  heat,  which  is  di.*5ipated  by  radiation.  As  has 
been  suggested  (Art.  219),  the  subatomic  energies  may  be 
liberated  in  great  cjuantitii's  uncler  the  extreme  conditions 
of  pressure  and  temperature  which  prevail  in  the  interior 
of  the  sun. 

Since  the  solar  sy.stem  is  lo.sing  energj-  in  several  ways  and 
acquiring  only  inappreciable  amounts  from  the  outside,  as, 
for  example,  the  radiant  energy  received  from  the  stars,  it 
originally  had  more  energj*  than  at  present,  and  this  condi- 
tion must  be  satisfied  by  all  hypotheses  respecting  its 
evolution. 
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XIX.     gUESTIONS 

1.  What  is  the  probability  that  when  3  coins  are  tossed  up  they 
will  all  fall  heads  up?  What  is  the  probability  that  in  a  throw  of 
4  dice  there  will  be  4  m-es  up?  If  UX)  roinn  weru  found  heads  up, 
could  it  reasonably  be  supposed  that  the  arrauKeinenl  was  acci- 
dental? How  would  its  probability  compare  with  that  that  the 
positions  of  the  orbits  of  llio  planets  and  planetoids  are  acuidenlal  ? 

2.  Suppose  a  star  should  pass  near  the  solar  system  in  the  plane 
of  the  orbits  of  the  planets;  would  it  disturb  the  positions  of  the 
planes,  or  the  eccentrieities,  of  their  orbits? 

3.  How  many  tons  of  meteors  would  have  to  strike  the  earth 
daily  in  order  to  double  its  muss  in  2tX),(K)(),)KK)  years?  How  many 
would  daily  strike  each  square  mile  of  its  surface? 

4.  What  is  the  definition  of  moment  of  momentum?  How 
does  it  differ  from  momentum?  Is  it  manifested  in  various  forms 
like  energy  ?  Does  the  loss  of  energy  of  a  body  by  radiation  change 
its  moment  of  momentum  ? 

5.  The  mass  of  the  earth  is  1.2  times  that  of  Venus  (Table  XII) ; 
why  is  its  moment  of  inoineuliini  more  thati  1.2  times  that  of 
Venus? 

fi.  Could  the  total  energy  of  the  solar  system  have  bwn  infinite 
at  the  start?  Can  the  system  have  existed  in  ap[)roxinialely  its 
present  condition  for  au  infinite  time? 

7.  When  carbon  and  o.xygen  unite  chemtcaily,  heat  is  produced  ; 
is  this  heat  energy  devel(jpi"d  at  (he  expense  of  the  kinetic,  potential, 
heat,  or  subatomic  energies  of  the  original  materials? 

III.   The  I*lanete8Imal  Hypothesis  ' 

247.   Brief  Outline  of  the   Planetesiraal   Hypothesis.  — 

The  funduincntal  cutKiitions  iinpo.si'd  hy  the  ilistrihution  of 
mass  and  inoiiicnt  of  inuniL-iituiii  in  the  Molar  .■system,  together 
with  many  supplemeiitarj'  con-siderations,  have  led  to  the 
planetesiinal  hyt>otht'si8.  According  to  this  hypothesis,  the 
remote  ancestor  of  the  solar  system  was  a  more  or  less  con- 
densed and  weIl-deRne<l  central  sun,  having  slow  rotation, 
surrounded  by  a  vast  swarm  of  .somewhat  irregularly  scat- 
tered  secondary    horlies,    or   plaiietesimals    (little    planets), 

'  The  PUtietesiniat  Hypotfieaia  waj!  dweloped  by  ProfeBsor  T.  C.  Chuo- 
berlin  and  tho  authur  lu  I'JUU  uud  tlie  Collowiog  ye 
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which  all  rpvolvfd  in  flliptiral  orbite  about  the  central  mass! 
in  the  sam<'  gpnera!  tiirfcttKn.     This  orgiinization  evidently 
satisfies  the  data   of   the  problem.     Moreover,   the  spiral 
nebulai  [Art.  302]  offer  numerous  examples  of  matter  which 
is  apparently  in  tliis  state. 

According  to  the  planetesimal  hypothesis,  our  present 
sun  developed  from  the  central  parent  mass  and  possibly 
some  outl^nng  parts  which  fell  in  ujjon  it  because  they  had 
small  motions  of  translation.  The  revolving  scattered  mate- 
rial contained  nuclei  of  various  dimensions  which,  in  their 
motions  about  the  central  sun,  swept  uj)  the  remaining 
scatterLtl  material  and  gradually  grew  into  planets  whose 
masses  depend  upon  the  original  masses  of  the  nuclei  and 
the  amount  of  matter  in  the  regions  through  which  they 
pas.sed.  The  angles  between  the  planes  of  the  orbits  were 
gradually  reduced  by  the  collisions,  and  at  the  same  time 
the  eccentric  orbits  became  more  nearly  circular.  In  the 
process  of  growth  the  planetary  nuclei  acquired  their  forward 
rotations. 

248.  Examples  of  Planetesimal  Organization.  —  The 
planetoids  aiTord  a  trace  of  the  fi)nner  planetesimal  ci>ndi- 
tion  of  the  solar  system.  The  average  inclination  and  the 
average  eccentricity  of  their  orbits  are  considerably  larger 
than  the  corresponding  quantities  for  the  planets.  If  the 
region  which  they  occupy  had  been  swept  by  a  dominating 
nucleus,  they  would  have  combined  with  it  in  a  planet  occupy- 
ing approximately  the  mean  position  of  the  planes  of  their 
orbits  and  having  a  small  eccentricity  (Art.  252). 

Another  example  of  planetesimal  organization  is  fur- 
nished by  the  particles  of  which  the  rings  of  Saturn  are 
composed.  One  might  at  first  thought  conclude  that  they 
would  have  formed  one  or  more  satellites  if  dominating  nuclei 
had  l>een  revolving  around  the  planet  in  the  zone  which 
they  occupy.  But  they  are  very  close  to  Saturn,  and  a  satel- 
lite revolving  at  their  distance  would  be  subject  to  the  strains 
of  the  tides  produced  by  the  planet.     .\3  has  been  stated 


CH.  XII,  24S1   EVOLUTION   OF   THE   SOLAR  SYSTEM 


(Art,  183),  Roche  showed  (hat  ii  fluid  satellite  could  not  re- 
volve within  2.44  radii  of  a  planet  without  being  broken 
up,  unless  its  density  were  greater  than  that  of  the  planet. 
Since  the  rings  of  Saturn  are  within  this  hmit,  it  follows 
that  they  could  not  have  formed  a  satellite,  and  that  a 
large  nucleus  revolving  among  them,  instead  of  sweeping 
them  up,  would  itself  have  lieen  reduced  to  the  planetesimal 
condition,  unless  it  was  suli<l  and  strong  enough  to  withstand 
great  tidal  strains. 

The  examples  of  planetesimal  organization  which  have 
been  given  may  not  l»e  very  eonvineitig.  But  we  may  inquire 
whether  there  are  not  numerous  examples  in  tlu'  heavens, 
beyond  the  solar  system,  confirmatory  of  the  planetesimal 
the<jr>'.  The  an.swer  is  in  the  affirmative.  There  are  tens 
of  thousands  of  s|)iral  nebute  that  are  almost  certainly  in 
the  planetesimal  condition,  tlunigii  on  a  tremendous  scale. 
They  consist  of  central  sunlike  nuclei  which  are  generally 
well  defined,  anri  arms  of  widcspreafling,  .scattered  material. 
Their  arms  in  most  c;i.ses  probably  contain  large  masses,  but 
they  are  small  in  comparison  ^\ith  the  central  sun.s.  Their 
great  numbers  imply  that  they  are  in  general  semi-pcrmn- 
nent  in  character.  Consequently,  the  material  of  which 
the  arms  are  composed  cannot  in  general  be  mo%'ing  along 
them,  either  in  toward  nr  out  from  the  central  nucleus,  for 
under  these  circumstances  they  would  condense  into  suns 
or  dissipate  into  space,  and  in  either  case  lose  their  peculiar 
characteri.stics.  Besides  this,  matter  subject  to  the  law 
of  gravitation  could  not  move  along  the  arms  of  spirals.  It 
is  therefore  believed  that  in  a  spiral  nebula  the  arms  are 
composed  of  material  which,  instead  of  proceeding  along 
them,  moves  across  them  around  the  central  nucleus  as 
a  focus.  The  spirals  owe  their  coils  to  the  fact  that  the 
inner  part.s  revolve  faster  than  the  outer  parts.  As  a 
rule  they  railiate  white  light,  which  indicates  that  they  are 
at  least  partly  in  a  solid  or  liquid  state.  When  a  spiral  is 
seen  edgewise  to  the  earth  there  is  a  dark  band  through  its 
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center,  doubtless  producfd  by  dark,  opaque  material  revolv- 
ing at  its  periphery. 

While  a  few  spiral  nebulse  have  heen  known  for  a  long 
time,  their  great  numbers  were  not  suspected  until  Keeler 
began  to  photograph  them  with  the  Croasley  reflector  at  the 
Lick  Observatory.  In  a  paper  pubhshed  in  1900  shortly 
before  his  death,  he  said ; 

"1.  Many  thousands  of  unrecorded  nebulae  exist  in  the 
sky.  A  ronservativp  estimate  placfs  the  number  within  the 
reach  of  the  Crossley  reflector  at  about  120,0t)0.  The  number 
of  nebulae  in  our  catalogvies  is  but  a  small  fraction  of  this. 

"  2.  These  iiebulte  exhibit  aU  gradations  of  apparent  size 
from  the  great  nebula  in  Andromeda  down  to  an  object 
which  is  hardly  distinguishable  from  a  faint  star  disk. 

"  3.  Most  of  these  nebulas  have  a  s]>ir!\l  structure.  .  .  . 
While  I  must  leave  to  others  an  e.stimat*'  of  the  importance 
of  these  conclusions,  it  seems  to  me  that  they  have  a  verj' 
direct  bearing  on  many,  if  not  all,  questions  concerning  the 
cosmogony.  If,  for  example,  the  spiral  is  the  form  normally 
assumed  by  a  contracting  nebulous  mass,  the  idea  at  once 
suggests  itself  that  the  solar  system  h.-i-s  been  evolved  from  a 
spiral  nebula,  while  (lie  photographs  show  that  the  spiral 
is  not,  as  a  rule,  characterized  by  the  simplicity  attributed  to 
the  contracting  m.iss  in  the  nebular  (Laplacian)  hypothesis. 
This  is  a  question  which  has  already  been  taken  up  by 
ChamberUn  and  Moulton  of  the  University  of  Chicago." 

While  the  spirals  are  almost  certainly  examples  of  plan- 
etesimal  organization,  those  which  have  been  photographed 
are  enormously  larger  than  the  parent  of  the  solar  system 
unless,  indeed,  there  are  many  undiscovered  planets  beyond 
the  orbit  of  Neptune.  But,  as  Keeler  remarked,  there  is  no 
lower  limit  to  the  apparent  dimensions  of  the  spiral  nebula, 
and  it  is  possible  that  many  of  them  are  actually  of  very 
moderate  size. 

249.  Suggested  Origin  of  Spiral  Nebula.  —  Although  the 
validity  of  the  planctcsimal  theorj'  does  not  hang  upon  any 
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hypothesis  as  to  the  origin  of  spiral  ncljuhe,  yet,  if  the  solar 
system  has  evolved  from  a  spiral  nebula,  the  theory  of  ita 
origin  will  not  be  regarded  as  conjplete  and  fully  satisfac- 
tory until  the  mode  of  generation  of  these  nebulse  has  been 
explained.  The  In'st  i*tiggesti(in  regarding  their  genesis, 
which  Ls  due  primarily  to  Chandierhii,  is  as  follows: 

There  are  several  hundreds  of  millions  of  stars  in  the 
heavens  and  they  are  moving  with  respect  to  one  another  with 
an  average  velocity  of  about  *>00,0O(),(K)0  miles  per  year. 
While  their  motions  are  by  no  means  entirely  at  random,  yet 
there  are  millions  of  them 
moving  in  essentially 
every  direction.  It  is  in- 
evitable that  ia  the  course 
of  time  every  stai'  will  pass 
near  some  other  star.  If 
two  stars  shouhl  collide, 
the  energy  of  their  motion 
would  largely  be  changed  ''s^ 
into  heat  and  the  com- 
bined mass  would  betrans- 
foniied  into  a  gaseous 
nebula.  If  they  should  Fw.  lee. 
simply  pass  near  one  an- 
other without  striking,  an  event  which  would  wcur  many 
times  more  frequently  than  a  collision,  a  spiral  nebula  would 
probably  be  formed,  as  will  now  be  shown. 

Consider  two  stare  passing  near  each  other.  They  both 
move  about  their  center  of  gravity,  but  no  error  will  be 
committed  in  representing  one  of  them  as  being  at  re.st  and 
the  other  as  passing  by  it.  If  the  stars  are  equal,  their 
effects  on  each  other  are  the  same,  but  in  order  not  to  divide 
the  attention,  only  the  action  of  «S'  on  S  will  be  considered. 

Consider  S'  when  it  is  at  tlie  position  .S'l',  Fig.  156.  It 
raises  tides  on  S,  one  on  the  side  toward  .S'  ami  the  other  on 
the  opposite  side.    The  heights  of  the  tides  depend  upon  the 


-  Deflection  of  cject«<i  niatcriul 
by  u  pusidiig  stur. 
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relative  masses  of  the  two  suns  and  their  distance  apart 
compared  to  the  ra<iius  of  S.  An  approach  within  10,000,1)00 
miles  is  more  than  100  times  as  prolmlile  as  even  a  grazing 
collision.  At  this  dtstaaw  the  tide-raising  force  of  iS'  on  6' 
compared  to  the  surface  gravity  of  ,S  is  more  than  2000 

times  the  tide-raising 
force  of  the  moon  on  the 
eartli  compared  to  the 
surface  gravity  of  the 
earth.  The  tide-raising 
force  varies  directly  as 
the  radius  of  the  dis- 
turheil  body  and  in- 
versely as  tlie  cube  of  the 
distance  of  the  disturb- 
ing body  (Art.  153). 
Hence,  if  the  neai-est 
approach  were  5,01X),000 
miles,  the  tide-raising 
force  would  be  more  than 
Hi, 000  times  greater, 
relatively  to  surface 
gravity,  than  that  of  the 
moon  on  the  earth.  This 
force  would  raise  tides 
approximately  600  miles 
high  if  the  sun  were  a 
homogeneous  fluid,  and 
there  would  be  a  corresponding  slight  constriction  of  the  sun 
in  a  licit  midway  between  the  tidal  cones.  The  tides  on  a 
highly  heated  gaseous  body  would  proljably  be  much  higher. 
The  Bun  is  the  seat  of  violent  explosive  forces  which  now 
often  eject  matter  in  the  eruptive  prominences  to  distances 
of  several  lumdred  thousand  tniles  (Fig.  157).  If  the  sun 
were  tidally  distorted,  the  eruptions  would  be  mostly  toward 
and  from  the  disturbing  sun  ;  certaiidy  the  ejections  would 


Fm.  1.57.  —  Knii)tivi"  iiiDiiiini-iiir  at  llinv 
ultitudei^.  VhniinjrapKiit  by  Slocum  at 
Utr  Yrrkn  Otmenaloru. 


b. 
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reach  to  greater  distances  in  these  directions.  Besides  this, 
after  the  ejected  material  had  once  left  the  sun,  its  distance 
would  be  increased  still  further  by  the  attraction  of  S'. 
Consequently,  if  .S'  were  not  uiovinK  along  its  orliit,  the 
ejections  toward  and  from  it  would  he  to  more  remote  dis- 
tances than  thej'  would  be  in  any  other  direction.  In  fact, 
those  toward  S'  niinht  even  strike  it.  But  S'  would  he  mov- 
ing along  in  its  orMt,  and,  in  a  short  time,  it  would  have 
a  component  of  attraction  at  right  angles  to  the  original 
direction  of  motion  of  the  ejected  matter.  Consequently. 
by  the  time  .S"  luvtl  arrived  at  N^',  the  paths  of  the  ejt'cled 
masses  would  be  curved  somewhat  like  those  shown  in  Fig. 
156.  It  is  ea.sy  to  see  that,  for  the  ma.ss  ejected  toward  .S", 
the  curvature  is  in  the  right  direction  ;  a  discu.ssion  liased 
on  the  resolution  of  the  forces  involved  (Art.  153)  proves 
that,  for  the  mass  ejected  in  the  other  direction,  the  indicated 
curvature  is  also  correct.  Eventually  S'  would  move  on  in 
its  orbit  so  far  that  it  would  no  longer  have  sensible  attrac- 
tion for  the  ejected  masses,  and  they  would  lie  left  revolving 
around  N  in  elliptical  orbits.  If  the  initial  s|X'ed  of  the 
ejected  material  were  very  gn<at,  it  might  leave  S  never  to 
return. 

The  critical  question  is  whether  matter  would  be  ejected 
far  enough  to  produce  the  large  orbits  required  by  the 
theory.  In  order  to  throw  light  on  this  fjuestion  the  follow- 
ing table  has  been  coitqitited,  K'ving  the  surface  velocities 
necessary  to  cause  undisturbed  ejccleti  matter  to  recede 
v.arious  distances  from  (he  surface  of  the  sun. 

The  most  remarkable  thing  shcnvii  in  tlu'  table  is  that  aft<'r 
a  velocity  is  reach('<i  sufficient  to  cause  the  ejected  matter 
to  recede  a  few  millions  of  miles,  a  small  change  in  the  initial 
spiH'd  produces  radically  ditferent  final  results.  Since  prom- 
inences now  ascend  to  a  height  of  half  a  million  of  miles 
without  the  disturbing  influence  of  a  \-isiting  stm,  it  is  seen 
that  the  numerical  retjuirements  of  the  hypothesis  are  not 
excessive.    Moreover,    numerous    actual    computations   of 
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hypothetical  cases  have  shown  (hat,  on  the  recession  of  S', 

the  ejected  material  is  usually  left  revolving  around  S  in 

elliptical  orbits. 

Tablu  XIII 


HnoBT  or 
Aacmr 

Hmoirr  or  Asciirr 

linnu.  VKLoctTT 

100.000  mi 

72  mi.  per  sec. 

5,000,(X10  mi. 

3.53  mi.  per  sec. 

KM.tMXr  mi. 

121  mi.  per  sec. 

10,000,000  mi. 

368  mi.  per  sec. 

300  (XK)  mi. 

l."w  mi.  i)or  sen. 

20,000,000  mi. 

376  mi.  per  sec. 

40f),CK)()mi. 

1S4  mi.  ppr  sec. 

.''lO.OOO.OOO  mi. 

.380  mi.  per  sec. 

.T(W,nOOmi. 

206  mi.  per  sec. 

10l>,(H10.(K)f)  mi 

;i82mi.  per  see 

1.000.(XX)mi. 

2(W  mi.  ptfT  sw.  j 

.500,(X)0,000  mi. 

383  mi.  per  fee. 

2,0(K),fKK»  mi. 

316  mi.  |K"r  .sec.  ] 

Infinite 

.'J.S4  mi.  per  sec. 

As  onr>  star  passes  another  the  ejeetinn  of  material  is  more 
or  less  eontinuous.  Wlien  (he  visiting  star  is  far  away,  the 
ejections  are  to  moderate  distances  and  the  matter  returns  to 

the  sun.  As  the  visit- 
iii)?  star  approaches, 
the  ejected  materials 
recede  farther  and 
their  paths  become 
more  curved  At  a 
certain  time  the  lat- 
eral disturbance  of  S' 
becomes  so  (jreat  that 
the  ejected  material 
revolves  around  N  in- 
stead of  falling  back 
upon  it.  Ijet  the 
orbit*  for  this  case  be  those  marked  1  and  1 '  in  Fig.  158,  the 
former  being  toward  S',  and  the  latter  away  from  it.  At  a 
later  time  (he  cjection.s  will  be  tn  greater  distances  and  the 
materials  will  have  greater  lateral  motions.  Suppose  they 
are  2  and  2',  and  so  on  for  still  later  ejections  until  S'  recedes 
from  S. 


The  oriKin  of  n  spiral  nebula. 
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Now  consider  the  location  of  all  of  the  pjoctpd  material 
at  a  given  time  after  S'  has  passed  its  nearest  point  to  S. 
If  it  has  been  sent  out  from  <S  continuously,  it  will  lie  along 
two  continuous  cur^'es,  representeft  by  the  full  lines  in  Fig. 


Fio.   159. — The  KTunt  spiral   nebula  in  Canca  Venutiri   (M.  51),  showing 
the  two  anus.      PHolooraphrti  bu  Rilchry  at  the  Yerkft  Obtenalory. 


158.  These  are  the  arms  of  the  spiral  nelmla  whose  indi- 
vidual particles  move  across  them  in  the  dotted  lines.  The 
diagram  shows  an  ideal  simple  case,  and  Fig.  159  an  actual 
photograph.  But  if  the  approach  of  S'  were  close,  or  if  there 
were  a  partial  collision,  and  if  the  ejected  material  should  go 
beyond  S',  a  verj'  complicated  structure  would  result.    The 
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arms  of  the  spiral  might  be  very  irregular  (Fig.  IGO),  the 
particles  might  cross  thorn  at  a  great  variety  of  angles,  and 
some  of  them  might  continuo  lo  recpde  indefinitely. 


Fi.; 


1(50.  —  Tin;  girat  ,-i)ir;il  ik-IiuI.i  in  Triuii^iiluiii  (M.  3:i). 
lit/  Rilehiy  at  the  Ycrka  ObKervatory. 


I*hitli'xirnfilt''d 


Thus,  the  suggnsted  explanation  of  the  origin  of  the  spiral 
nt>l)iila3  rosts  ujion  the  rxislcnco  nf  a  great  ntunher  of  stars, 
their  rapid  and  somewhat  heterogeneous  motions  which 
imply  near  approaches  now  and  then,  their  eruptive  activities, 
and  the  disturljance  of  one  star  by  another  passing  near  it. 
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All  the  factors  jnvolvetl  are  well  established  —  the  only  ques- 
tion is  that  of  their  quantitative  efficiency.  Here  some 
doubts  remain.  It  follows  from  the  number  of  stars,  the 
space  they  occupy,  and  their  motions  that,  if  they  were  mov- 
ing at  random,  an  individual  sun  would  pass  near  some  other 
one,  on  the  avt^rage,  only  once  in  man)-  thousands  of  millions 
of  years.  Perhaps  the  mutual  Knivitation  of  the  stars  is 
important  out  on  the  liorticrs  of  the  great  dusters  of  suns 
of  which  the  Milky  Way  is  composed,  where  it  may  reason- 
ably be  supposed  that  their  relative  velocities  are  small, 
and  it  may  Ije  that  in  these  regions  close  Hpproach(>s  are  for 
this  reason  much  more  frequent.  But  in  any  ca.He  the  demands 
of  time  are  veiy  forniidalile.  Besides  this,  many  of  the  spiral 
nebulie  are  of  such  enormous  dimensions  that  it  is  difficult 
to  suppose  they  have  been  i)roduced  Ijy  the  encounter  or 
near  approach  of  ordinary  suns.  It  may  be  stated,  however, 
that,  in  the  first  place,  there  is  no  positive  knowledge  what- 
ever respecting  the  masses  of  spiral  nebulffi;  and  that,  in 
the  second  place,  near  approaches  are  not  confined  to  single 
Btars,  but  may  involve  multiple  .stars,  chi.st(>i-s,  ami  systems 
of  stars.  Th<'  observed  spirals  may  be  simply  the  larger 
examples  originating  from  several  or  many  suns. 

It  should  he  rememberetl  that,  whatever  doubts  may 
remain  respecting  the  validity  of  this  or  any  other  hypothesis, 
the  spiral  nclMilae  certainly  exist  in  great  numbers,  and  they 
apparently  have,  on  an  enormous  scale,  an  organization 
similar  to  that  which  we  have  inferred  must  have  been  the 
antecedent  of  the  solar  system.  Ami  it  may  be  stated  again 
that  the  planetesinud  hyp(jthesis  rests  primarily  lapon  the 
evidence  now  fm-nished  l\v  the  .solar  system,  and  that  it  does 
not  stand  <ir  fall  with  any  theory  respecting  spiral  nebulse. 

250.  The  Origin  of  Planets. —  According  to  the  planet- 
esimal  hyivithcsis,  thi'  pan>nt  of  the  solar  system  con- 
sisted of  a  central  sun  surrounded  by  a  vast  swarm  of  plan- 
etciaimals  which  moved  appro.xiniately  in  the  same  plane 
in  essentially   independent    elliptic   orbits.      Among   these 
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plaiieteainials  there  were  nuclei,  or  local  centers  of  condensa- 
tion, which,  in  their  revolutions,  swept  up  the  smaller  planct- 
esiinals  and  grew  into  planets.  It  is  not  to  l>c  understood 
tiiat  the  original  nuclei  were  solid  or  even  continuous  masses. 
It  is  much  more  probable  that  in  their  early  stages  they  were 
swarms  of  smaller  masses  having  about  the  same  motion 
with  respect  to  the  central  sun,  and  that,  under  their  mutual 
attractions  and  collisions,  they  gradually  conilensed  into  con- 
tinuous botiies.  Indeed,  the  condensation  may  have  been 
very  slow  and  may  have  been  dependent  to  an  important 
extent  upon  the  impacts  of  other  planetesimals. 

It  seems  to  Ije  iitipossible  to  determine  the  probable  masses 
of  the  original  nuclei.  If  they  were  less  than  that  of  the 
moon  at  present,  they  could  not  have  retained  any  atmos- 
pheres under  their  gravitative  control.  But  as  the  nuclei 
grew,  their  surface  gravities  increaseil,  and  a  time  came 
when  those  which  have  become  the  larger  planets  possessed 
sufficient  gravitative  power  to  prevent  the  escape  of  atmos- 
pheric particles.  The  acquisition  of  atmospheres  was  then 
inevitable  because,  in  the  first  place,  the  materials  grinding 
together  and  settling  under  the  weight  of  accumulating 
planetesimals  woulil  squeeze  out  the  lighter  elements ;  in 
the  second  place,  the  pulveiizing  and  heating  effects  of  the 
impacts  of  meteors  would  liberate  gases;  and,  in  the  third 
place,  the  growing  planets  in  their  courses  around  the  sun 
would  sweep  up  directly  great  numbers  of  atmospheric 
molecules.  The  extent  of  the  atmosjiheres  of  the  planets 
at  all  stages  of  their  growth  depended  primarily  on  their 
surface  gravities. 

The  rate  at  which  the  nuclei  swept  up  the  planetesimals  must 
have  been  excessively  slow.  This  conclusion  follows  from  the 
fact  that  if  all  the  matter  in  the  largest  planet  were  scat- 
tered around  the  sun  in  a  zone  reaching  halfway  to  the  ad- 
jacent planets,  t  he  resulting  planetesimals  would  be  very  far 
apart,  and  also  from  the  fact  that  the  orbits  of  only  a  fraction 
of  them  would  at  any  one  time  intersect  the  orbit  of  the 
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nucleus.  It  must  be  remembered  that  the  orbits  of  the  planet^ 
esimala  were  continually  changed  by  their  mutual  attractions 
and  especially  by  the  attractions  of  the  nuclei.  Moreover, 
the  orliits  of  the  nuclei  were  continually  altered  by  collisions 
with  the  planetcsimals  and  by  their  perturbations  of  one 
another.  Consequently,  if  the  orbitjs  of  the  nuclei  and  cer- 
tain planetesimals  did  not  originally  intersect,  they  might 
very  well  have  done  so  later.  But  it  iloes  not  follow  that 
they  have  all  been  swept  up  yet,  or,  indeed,  that  they  all 
ever  will  be  swept  up.  Pos.sibly  some  of  the  meteors  which 
the  earth  now  encoimters  are  the  straggling  remains  of  the 
original  planetesimals. 

If  the  planetesimal  theory  is  correct,  the  earth  is  very  old 
and  the  sun  must  have  imjiortant  sources  of  energj'  besides 
its  contraction.  Most  of  the  geological  processes  did  not 
begin  imtil  it  became  large  enough  to  retain  water  and  an 
atmosphere.  These  same  conditions  were  necessaiy  for  even 
the  beginnings  of  the  development  of  life,  which  may  have 
had  a  continuous  existence  from  the  time  the  earth  was  half 
its  present  size. 

261.  The  Planes  of  the  Planetary  Orbits.  —  If  the  planet- 
esimal hypothesis  is  true,  it  must  explain  the  important 
features  of  the  solar  system.  The  most  striking  thing  about 
the  motions  of  the  planets  is  that  they  all  go  around  the  sun 
in  the  same  direction,  and  the  mutual  inclinations  of  the 
planes  of  their  orbits  are  small.  However,  some  deviations 
exist,  and  in  general  they  are  greatest  in  case  of  the  small 
masses  like  Mercury  and  the  planetoids. 

It  is  assumed  that  the  planetesimals  all  revolved  around 
the  siui  in  the  same  direction.  This  woidd  certainly  have 
been  true  if  they  originated  by  the  close  approach  of  two 
suns,  as  explained  in  Art.  249.  But  the  planes  of  their  orbits 
would  not  be  exactly  coincident.  The  plane  of  motion  of 
an  ejected  particle  would  depend  upon  its  direction  of 
ejection  and  the  forces  to  which  it  was  subject.  The  ejec- 
tions would  be  nearly  toward  or  directly  away  from  the  visit- 
2» 
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ing  Sim,  but  slight  dt-viutiiyns  would  bo  rxpccted  because 
the  ejectinR  body  niight  be  rotating  in  any  direction,  and  the 
direction  of  ejection  would  depend  to  some  extent  upon  its 
rotation. 

Consifler,  therefore,  a  central  body  surrounded  by  an 
enormous  swarm  of  planeteHinials  which  move  in  intersecting 
elliptical  orbits,  some  close  to  the  sun  and  others  fur  away. 
The  system  of  planetoids  now  in  the  solar  system  gives 
a  fair  picture  of  the  hypntheticiil  situation,  especially  if,  as 
seems  very  probable,  there  are  countless  numbers  of  small 
ones  which  are  invisible  from  the  earth.  Suppose,  also,  that 
there  exist  a  number  of  miclei  revolving  at  various  distances. 
They  gradually  swec])  uj)  the  .smaller  ni.n,.sses,  and  the  problem 
is  to  determine  what  happens  to  the  planes  of  their  orbits. 

Consider  a  nucleus  and  all  the  plfinetesimals  which  it  will 
later  sweep  uj).  AH  together  they  have  what  may  be  called 
in  a  rough  way  an  average  jilaiie  of  revolution.  Tliis  is  a 
perfectly  definite  dyrKunical  (|uaiitity  which  Laplace  treated 
and  which  fie  called  the  "  invarialile  plane." 

When  all  the  mas-ses  have  united,  the  resulting  bo<ly  will 
inevitably  revolve  in  (his  plane.  If  the  nucleus  originally 
moved  in  some  other  plane,  the  plane  of  its  orbit  would  con- 
tinually change  as  its  ma.ss  increased.  The  same  wouhi  \>e. 
true  for  ever>'  other  nucleus.  There  would  be  also  an  aver- 
age plane  for  the  whole  .system.  Those  nuclei  which  moved 
in  regions  that  were  richest  in  planetesimals,  and  that  grew 
the  most,  would,  in  general,  have  final  orbits  most  nearly 
coincident  with  this  average  plane.  It  is  clear  that  so  far 
as  the  planes  of  the  orbits  of  the  planets  are  concerned 
(see  Talile  IV),  the  consequences  of  the  planetesimal  theorj* 
are  in  perfect  harmonj'  with  the  facta  established  by 
observation. 

252.  The  Eccentricities  of  the  Planetary  Orbits.  —  The 
orbits  of  the  original  i)limetesiiiials  pnjl>ably  had  a  consider- 
able range  of  eccentricities.  This  view  is  supported  by  the 
fact  that  the  eccentricities  of  the  orbits  of  the  planetoids  vary 
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from  nearly  zero  to  about  0.5.  It  is  also  supported  by  the 
computations  of  orbits  of  particles  which  were  assumed  to 
lie  ejected  from  one  sun  when  anotlipr  wiia  passing  it.  The 
problem  is  to  find  whether  nearly  circulai'  planetary  orbits 
would  be  evolved  from  such  a  system  of  planetesimals. 

When  a  nucleus  sweeps  up  a  plaiietesimul,  the  impact  on 
the  larger  body  may  be  in  any  direction.  If  the  nucleus 
overtakes  the  planetesimals  so  that  they  act  like  a  resisting 
medium,  the  eccentricity  of  its  orbit  is  in  t^i'iieral  diminished, 
as  was  proved  by  Euler  more  than  1.50  years  ago.  But  many 
other  kind.i  of  encounters  can  occur  between  bodies  all 
moving  in  the  same  din-ctityii  uround  the  sun.  Collisions  will 
obviously  l)e  most  nunicioiis  bi'tw(>en  bodies  whose  orbits 
are  approximately  of  the  same  dimensions;  if  the  orbits  of 
two  bodies  fliffer  greatly  in  size,  collision  between  them  is 
impossible  unless  the  orbits  are  very  elongated.  It  is  a  re- 
markable general  propo.sition  that  if  two  bodies  are  moving  in 
orbit*  of  tlu'  same  size  and  shape,  but  dilTereiitly  (ilaci'd,  and 
if  they  collide  in  any  way,  the  eccentricity  of  Ihc  orbit  of 
the  combined  mass  will  be  smaller  than  the  common  eccen- 
tricity of  the  orbits  of  the  .separate  parts.' 

■  Tu  prove  this,  suppose  u  nu<-l('Ua  M  uikJ  ii  pluiictrsimtit  m  are  moving  in 
orliita  whoso  major  scini-axLs  ii?iJ  ri'ccntricity  are  ««  and  eo.  Let  tlii'ir 
vcloriticK  Ht  thu  instant  prei-vdiui(  mlUiiiun  lit-  t'o  iiiul  ro,  and  their  I'onibined 
velocity  after  collision  be  V.  Thi'  liinetie  energy  of  the  two  bodies  at  the 
instant  preceding  rollision  in  JOWVu'  +  mn^*).  Their  kinetic  energy  after 
their  union  is  J{.l/  +  m)V''.  The  latter  will  Ik"  smaller  than  the  former 
becuuKO  some  energy  will  have  liccn  traiisfoniied  into  heat  by  the  impuet  of 
tho  two  parts.     Therefore  UW  +  mio'  >  (A/  +  m)  V'«. 

It  is  shown  in  celestial  nieehauies  in  the  problem  of  two  bodies  that  In 

2      I 
elliptic    orbits    V- —  '.      Flenee,  the    inequality    In-comea 


'ro.'  'roo'  >ro' 

whore  a  is  the  major  semi-oxiB  of  tho  combined  mass.     It  follows  from  this 


inequality  that 


M 


m  ^M  +  m 


whonre  a  <  oo.    That  is.  under  the  cir- 


runistnnecs  of  the  problem  a  collision  always  reduces  the  major  semi-axis  of 
the  orbit. 

Another  principle  established  in  eelestial  mechanics  is  that  the  moment 


!nt         M 
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Of  noursc,  if  two  orbits  were  of  exactly  the  same  size,  the 
periods  of  the  bodies  would  be  the  same  and  collisions  would 
result  either  at  the  first  revolution  or  only  after  their  mutual 
attractions  had  modified  their  motions.  But  if  they  were 
of  nearly  the  same  size,  the  conditions  for  collisions  would  be 
favorable,  and  in  nearly  all  cases  the  eccentricity  would  be 
reduced. 

It  follows  from  this  discussion  that,  in  general,  collisions 
between  planetesimals  cause  the  eccentricities  of  their  orbits 
to  decrease.  Consequently,  the  more  a  nucleus  gi-ows  by 
sweeping  up  planetesiiuals,  the  more  nearly  circular,  in  general, 
its  orbit  will  be.  If  a  iiuek'us  revolves  in  a  region  rich  in 
planetesinials,  the  result  is  likely  to  be  a  large  planet  whose 
orbit  has  small  eccentricity.  These  conclusions  agree  pre- 
cisely with  what  is  fountl  in  the  solar  system,  for  the  orbits  of 
all  the  lai'Ke  planets  are  nearlj-  circular,  while  the  orbits  of 
some  of  the  smaller  planets  and  many  of  the  planetoids  are 
considerably  eccentric. 

253.  The  Rotation  of  the  Sun.  —  If  the  central  body  in 
the  planetesimal  system  rotates  in  the  direction  of  the  motion 
of  the  tjutlying  parts,  the  final  result  will  be  a  sun  rotating 
in  the  dirediou  of  revolution  of  its  planets.  But  if  the 
planetesimal  organization  is  the  result  of  the  close  approach 
of  two  suns,  the  central  mass  might  originally  have  been 
rotating  in  any  direction.  In  this  case  the  final  outcome 
in  not  quite  so  obvious. 

The  only  plane*  esimals  which  could  sensibly  affect  the 
rotation  of  the  central  mass  are  those  which  fall  back  upon 
it.     If  the  planetesinials  originated  by  the  close  approach 


of  momentum  is  constant  whether  there  are  coUigiona  or  not.  The  orbital 
moment  of  momentum  of  a  niatis  tn  ia  mVa(l  — e').  where  t  ia  the  eocen- 
tririty.  Tlie  oonditiou  that  the  moment  of  momentum  before  collUioa 
shall  equal  that  after  rollioion  is,  therefore, 

JirVM !-«•')  +  mVa*(l-«t')   =  (Ar+  m)  Va(l  -«•),   or  

Va.(l  -*«•)  -  Vo( !-••). 
Since  uc  >  a,  it  follows  that  Vd  — et'XVl  -«'.  and  therefore  that  t  <  i 
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of  two  suns,  there  would  certainly  be  many  whieh  would 
return  to  the  central  mass.  They  would  not  fall  straight  in 
towards  its  center,  Ijut  would  have  a  small  forward  motion 
similar  in  character  to  that  of  the  remainder  of  tin-  pUmet- 
esimals.  ^  The  result  of  the  collision  would  be  that  the  sun 
would  acquire  tlieii-  moiiicut  of  monieiifum.  It  does  not 
seem  unreasonable  tliat  the  mass  of  the  central  sun  might 
grow  in  this  way  by  as  much  as  10  per  cent.  Since  the  planet- 
esimals  wouM  have  enormously  more  moment  of  momen- 
tum tlian  equal  masses  in  the  central  body,  they  would 
Bubstanlially  det<'nnine  its  direction  of  rotation.  In  fact, 
if  tliey  were  mnviufj  in  orljits  whose  eccentricity  was  0.9 
and  if  they  just  grazed  the  sun  at  their  perihelion,  the  mass 
necessary  to  account  for  the  present  rotation  of  the  sun,  if 
it  had  no  njtatioti  orifjinally,  would  be  one  fifth  of  one  per 
cent  of  tlic  sun'.s  mass. 

Another  interesting  result  remains  to  be  mentioned.  The 
planetesimals  would  strike  the  e(|uatorial  region  of  the  sun 
in  greatest  abuiiilance  and  would  give  it  tiie  most  rapid 
motion.  Unless  the  inc<iualities  in  motion  were  worn  down 
by  friction  the  ecjuatorial  zone  would  be  rotating  fastest,  as 
is  the  ca»se  with  our  own  sun. 

254.  The  Rotations  of  the  Planets. — The  earth,  Mars, 
Jupiter,  and  Saturn  rotate  in  th<'  direct ifwi  in  which  the 
planets  revolve;  the  surfaces  of  the  other  planets  have  not 
been  observed  well  enough  to  enable  astronomers  to  deter- 
mine how  they  rotate.  It  has  been  generiilly  sui>pf>sed  that 
the  equatoi-s  of  I'ranus  and  Neptune  coincide  with  the 
planes  of  (he  orbits  of  their  satellites,  but  the  evitience  in 
support  of  (he  sujiposilion  is  as  yet  inconclusive. 

The  earliei-  theories  regarding  the  origin  of  the  planets  all 
fail  to  explain  their  forward  rotations. 

Chamberlin  has  shown  tbat  if  a  planet  develops  from 
a  plaiietesimal  system  it  will  in  general  rotate  iti  the  direc- 
tion of  its  revolution.  Consider  a  nucleus  A".  Fig.  161, 
which,  in  its  early  stages,  will  probably  be  simply  an  immense 
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I  •*  •  ^  *  >  Jci 


swann  of  planet esimuls.  For  simplicity,  suppose  its  orbit 
is  a  circle  C  arouiul  the  sun  as  a  center  (if  this  assumption 
were  not  made,  the  discussion  would  not  be  essentially  modi- 
fied). The  planetesinials  which  can  €>ncounter  jVare  divided 
into  three  classes :  {a)  those  whose  aphelion  points  are 
inside  the  circle  C ;  (6)  those  whose  perihelion  points  are 
inside  C  and  whose  aphelion  points  are  outside  of  C ;   and 

(c)  those  whose  perihe- 
lion points  are  outside  of 
C.    They  are  designated 
by  (a),  (6),  and  (c)  re- 
\     apectively  in  Fig.  161. 
'.        Consider  c(jllisions  of 
!    th«'     planete.xinials      of 
;    dfiss  (a)   with   the    nu- 
,'    eleus    A''.      A     collision 
/      can  occur  only  when  a 
planctesima!  is  near  its 
ai)iie!ion  point.     At  and 

"" — ''  near     this     point     the 

Fiu.    181.  —  Development  I jf  the  forwiirJ  planetesinuil   is  moviug 

r;:'^';^'^,^;:;:r "'*'•"  "^'■"""*^^"^«'ower  than  the  nu- 

eleus." 

Hence  the  nucleus  will  overtake  the  planetesimal,  and  the 
collision  will  he  a  blow  backward  on  the  inner  side  of  the 
nucleus.  That  is,  planetesiinals  of  class  (a)  tend  to  give  the 
nucleus  a  forward  rotation. 

Planetesinials  of  class  (6)  can  strike  the  nucleus  so  as  to 
tend  to  give  it  a  rotation  in  either  direction,  or  so  as  not  to 
have  any  effect  on  its  rotation.  If  they  arc  not  distributed 
in  some  special  way,  the  collective  result  of  the  collision  of 
many  of  them  will  be  very  snaall. 

'  Let  V  and  r  reprt-scut  the  velocity  of  tlie  nucleus  and  planct<^nii\l 
respectively,  and  A  and  a  the  semi-axes  of    their  urbits.     It  ia  shown  in 

<7       I  2      1 

celestial  mechanics  that  V  =  -  —  — ,  and  »'  =  -  — .     Since  a  <  A  and  r  is  j 

T      A  T      a 

the  same  in  the  two  equations,  it  follows  that  V*  >  v*. 
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Planetcsiinals  of  class  (c)  move  faster  than  the  nucleus 
at  the  time  of  collision.  Therefore  they  overtake  the  nu- 
cleus and  tetii!  t((  give  it  a  forwai-d  lolation. 

It  follows  fruiu  this  diseussioii  that  two  of  the  tlu'ce  chisaes 
of  planetesinials  tend  to  give  the  nucleus  a  forward  rotation. 
The  effects  are  most  iinportauf  at  the  equator  of  the  planet, 
for  there  they  strike  farthest  from  its  axis.  Hence,  the  im- 
pacts of  phmetesimals  on  the  whole  tend  to  make  the  equa- 
tors of  fluid  planets  i-otate  faster  than  the  iiij^her  latitudes,  as 
is  the  case  with  Jupiter  and  Saturn.  The  i>recise  final  result 
depends  uprm  the  initial  rotation  of  the  nucleus  and  upon  the 
distribution  of  the  planet esimals  ainnun  the  three  classes. 

Obviouslj-  the  relative  nunihers  of  planetesimals  in  classes 
(a)  and  (c)  would  in  general  be  small.  In  order  to  get  some 
idea  of  the  numbers  required  to  account  for  the  observed 
rotations,  a  numerical  example  has  been  treated.  It  was 
assumed  that  the  original  earth  nucleus  had  no  rotation 
and  that  th(>  planetesimals  of  ehiss  (6)  gave  it  none.  It 
was  a.ssumed  that  uH  the  planetesimals  of  classes  (a)  and 
(c)  moved  in  orbits  having  the  eccentricity  0.2  and  that  they 
struck  the  nucleus  4lM>0  miles  from  the  center.  Then,  in 
order  to  account  for  the  |>resent  rotation  of  the  earth,  it  was 
found  that  their  Uital  mass  nuist  have  been  about  5.7  per 
cent  of  that  of  the  whole  earth.  Whether  or  not  these 
results  are  reasonaiile  cannot  be  detemiined  without  further 
quantitative  investigations.  But  it  must  be  insisted  that 
the  results  are  qualitatively  correct,  and  that  not  even  this 
much  can  be  said  for  any  earlier  hypothesis  regarding  the 
origin  of  the  planets. 

In  the  preceding  discu.ssion  the  effects  of  the  rotations  of 
the  original  nuclei,  or  swanns  of  planetesimals  out  of  which 
the  nuclei  condensed,  have  been  ignored.  As  a  matter  of 
fact,  they  were  probably  in  rotation  around  axes  essentially 
perpendicular  to  the  plane  of  the  system.  There  seems  to 
be  no  conclusive  reason  why  the  original  rotations  shoiild 
have  been  in  one  direction  rather  than  in  the  other.    The 
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observed  rotations  of  the  planets  seem  to  indicate  that, 
for  some  reason  at  present  unknown,  tlie  tirif^inai  nuclei 
rotated  in  tho  forward  direction. 

266.  The  Origin  of  Satellites.  —  Accorduig  to  the  planet- 
esiinai  theorj',  the  satellites  developed  either  from  small 
secondary  nuclei  which  were  as.sociatod  with  the  larger 
planetary  nuclei  from  the  beginning,  or  from  neightxtring 
secondary'  nuclei  which  became  entangled  at  a  later  time  in 
tho  outlying  parts  of  the  swarms  of  planetesimals  constitut- 
ing 1  he  nuclei.  If  the  satellites  originated  in  the  fonner  way, 
their  directions  of  revolution  would  be  the  same  as  those  of 
rotation  of  their  respective  primaries;  if  in  the  latter  way, 
thoy  might  revolve  originally  in  any  directions  around  their 
primaries. 

With  the  exception  of  the  eighth  and  ninth  satellites  of 
Jupiter  and  the  ninth  satellite  of  Saturn  (and  po.ssihly  the 
satellites  of  I'ranus  and  Neptune),  all  the  known  satellites 
revolve  in  the  ilirections  in  which  their  primaries  rotate. 
This  .seems  to  indicate  that  at  lea.st  most  of  the  satellites 
originated  from  secondary  nuclei  whi<'h  were  associated  with 
their  respective  primary  tuiclri  from  the  beginning  and  par- 
took of  their  common  motion  of  rotation.  The  satellite 
nuclei,  like  the  planetary  nuclei,  swept  up  the  planetesimals 
and  grew  in  mass.  The  craters  on  the  moon  may  have 
l>een  produced  i)y  the  impact  of  planetesimals. 

With  the  growth  in  miuss  of  a  planet  its  attraction  for  its 
satellites  increases  and  this  results  in  a  reduction  in  the 
dimensions  of  their  orbits.  Rnppo.se  the  most  remote  direct 
satellites  were  originally  revolving  at  the  greatest  distances 
at  which  their  primaries  could  hokl  them  in  gravitative  con- 
trol, an<i  tliat  tiieir  orbits  have  been  reducetl  to  their  present 
dimensions  by  the  gn)wth  of  the  planet*.  The  amount  of 
reduction  in  the  size  of  the  orbit  of  a  satellite  depends  upon 
the  amount  of  growih  of  the  pianet  around  which  it  revolves, 
and  furnishes  the  basis  for  computing  the  increase  in  the 
mass  of  the  planet. 
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The  three  retrograde  satellites  revolve  at  great  distances 
from  their  respective  primaries  in  orbits  which  are  rather 
eccentric  and  considerably  inclined  to  their  respective  sys- 
tems. Their  origin  is  evidently  different  from  that  of  the 
direct  satellites.  They  may  have  been  neiglitwring  planet- 
esimuls  which  became  entangled  in  the  remote  parts  of  the 
planetary  swarm.  The  question  arises  why  they  revolve 
in  the  retrograde  direction.  The  answer  probably  depends 
uixjn  the  fact  that,  at  a  given  distance,  a  retrograde  satellite 
is  much  more  stable,  so  far  as  the  disturbance  of  the  sun  is 
concerned,  tlian  a  direct  one.  Conscxiuentiy,  a  retrograde 
siitejlite  would  not  be  driven  by  collisions  away  from  the  con- 
trol of  its  planet  so  easily  as  a  direct  one.  Also,  the  effects  of 
collisions  with  phmetesimalsand  sa(cllilesimals(p]nnetesimalfl'' 
revolving  around  planetary  nuclei)  must  bt-  considered. 

256.  The  Rings  of  Saturn.  —  The  rings  of  Saturn  are 
swarms  of  particles  revolving  in  tlie  plane  of  the  planet's 
equator.  According  to  the  planetesimal  thiHjry,  they  are 
the  remains  of  outlying  mas.ses  in  the  original  nucleus  which 
were  moving  .so  fast  that  they  ilid  not  fall  toward  the  center. 
Of  course,  they  were  subject  to  encttunters  with  in-falling 
planetesimals.  These  colli.sions  transformed  .some  of  their 
energi,'  of  motion  into  heat  and  .some  of  (hem  fell  toward, 
or  jjcrhaps  on  to,  the  gri>wing  planetary  nucleus.  It  may 
be  that  only  a  small  part  of  the  oiigina!  ring  material  now 
remains.  But  when  they  fell,  they  retained  at  lea.s)  a  ftortion 
of  tiieir  motion  of  revolution,  and  tiie  result  was  (hat  they 
struck  the  planet  obli(]uely  in  the  tlirection  in  which  it 
rotated.  Tilts  increased  its  rotation,  especially  in  the  plane 
of  its  equator. 

There  may  lie  and  probably  are  collisions  even  now 
among  the  particles  which  constitute  the  rings  of  Saturn. 
If  there  are  collisions,  the  energ\'  of  motion  is  being  trans- 
formed into  heat,  and  this  comes  from  the  energy'  of  the 
orbital  motions,  with  the  result  that  the  dimensions  of  the 
rings  are  being  decreased.-    They  may  ultimately  disappear 
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for  this  rea,son,  and  it  is  not  impossible  that  other  planets 
also  once  hatl  ring  systems. 

257.  The  Planetoids.  —  The  i>lanetoids  occupy  a  zone  in 
which  tlieic  was  no  pieduminating  nucleus.  The^'  probably 
have  not  grown  so  much  relatively  as  the  planets  by  the 
accretion  of  planetesimals.  Hence  the  ranges  in  the  eccen- 
tricities and  inclinatitms  of  their  orbit.s  give  a  better  idea 
of  the  character  of  the  orbits  of  the  original  planctesimals. 

Bfsidr's  the  known  piaiiet<5i<ls,  there  are  pntb;d)Iy  thou- 
sands of  otiiers  which  are  .so  soiai!  that  they  liave  not  been 
seen.  There  may  be  others  also  betweeti  the  orbits  of 
Jupiter  and  Saturn  and  beyonti  (he  urljil  of  Saturn.  At 
those  vast  distances  none  but  large  bodies  would  be  visible, 
both  because  they  would  not  l)e  strongly  illuminated  by 
the  sun  and  also  because  they  wmild  always  be  verj*  remote 
from  the  earth.  The  planetoid  Eros  has  escaj)cd  collision 
with  Mars  only  Ix'cause  of  t  he  incUnation  of  its  orbit.  It 
is  not  unrea.sonablc  to  sujiiMi.se  that  there  are  many  other 
plaiu'tesinials  between  the  ui'bits  of  the  earth  and  Mars 
which  are  too  small  to  l>e  visible. 

258.  The  Zodiacal  Light.  —  It  is  universally  agreetl  that 
the  zodiacal  light  is  due  to  a  great  swarm  of  small  bodies, 
or  particles,  revolving  anmiid  the  sun  neai-  the  plane  of  the 
earth's  orbit.  These  small  bodies  are  in  reality  planctesi- 
mals which  have  not  been  swept  up  by  the  planets  either 
because  of  the  high  inclination  of  their  orbits,  or  more 
probably  becau.se  their  orbits  are  s(j  nearly  circular  that  they 
do  not  cross  the  orbits  of  any  of  the  jihinets. 

269.  The  Comets.  —  Recent  invratigations  have  shown 
that  it  is  very  i^robable  that  comets  are  permanent  members 
of  the  solar  system.  As  they  have  no  intimate  relationship 
to  the  planets,  the  question  of  their  origin  presents  new 
problems  and  difficulties. 

According  to  the  i)l!inete.simal  theory,  the  comets  are 
pfjssibly  only  the  outlying  and  tenuoiw  fragments  of  the  orig- 
inal nebula  which  did  not  purtake  of  the  general  rotation 
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of  the  system.  If  the  planetcsimal  system  was  produced  by 
the  near  approni'h  of  two  sinis,  tiiey  may  have  had  their 
origin,  as  Cliainbcrlin  has  suggested,  in  the  dispersion  and 
scattering  of  earlier  phmetosimals  which  revolved  in  different 
planes;  or  there  may  have  been  ex])l()sii>ns  of  lighter  gaaea 
in  various  directions,  which,  under  the  liisturijjng  action  of 
the  visiting  sun,  did  not  fall  back  upon  our  owni ;  or  the 
comets  may  be  matter  wliich  was  ejected  from  the  visiting 
sun.  The  diffen'Dces  in  the  lengths  of  their  orbits  and  in  the 
positions  of  the  jJanes  of  their  orbits  may  originally  have 
been  much  less  than  at  present,  for  the  (ilanets  may  have  tiis- 
turlicd  their  motions  to  almost  any  extent.  The  planets 
may  have  cajituretl  some  comets  and  greatly  enlarged  the  or- 
bits of  an  equal  tiumbeiof  otheiN,  and  they  may  have  entirely 
changed  the  [)fisitions  of  the  ]ilanes  of  the  cometaiy  orbits. 

260.  The  Future  of  the  Solar  System.  —  The  theory  has 
been  developi'<l  that  tlie  |)lariets  have  grown  up  from  nuclei 
by  the  accretion  of  scattered  planetesimats.  They  acquired 
and  retained  atmospheres  when  their  masses  became  great 
enough  to  prevent  the  escape  of  gases,  molecule  by  molecule. 
Their  masses  are  still  increa»<ing,  but  the  process  of  growth 
seems  to  be  essentially  Hnished.  Those  planets  which  are 
dense  and  .s(jlid  like  the  earth  will  retain  all  their  essential 
characteristics  as  long  as  the  sun  continues  to  furnish  radiant 
energy  at  its  present  rate.  The  large  rare  planets  will  lose 
heat  from  their  interiors  and  may  contract  appreciably. 
The  reason  that  loss  of  heat  may  be  important  for  them  and 
not  for  the  solid  planets  is  that  it  can  be  carried  to  the  sur- 
face rapidly  by  convection  in  a  ga.seous  or  liquid  lx>dy,  while 
in  a  s<ilid  body  it  is  transferred  from  the  interior  only  by  the 
excessively  slow  (irocess  of  conduction. 

The  duration  of  the  sun  is  a  very  important  factor  in  the 
future  of  the  planets.  There  is  no  known  source  of  energy 
which  couhl  supply  its  present  rate  of  radiation  many  tens 
of  millions  of  yeare.  Yet  it  is  not  safe  to  conclude  that  the 
sun  will  cool  off  in  a  few  millions  of  years  because  the  earth 
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gives  indisputable  evidences  (Art.  219)  that  the  sun  has 
radiated  more  energy  than  could  have  been  sujjplied  by  any 
known  source.  The  existence  of  hundreds  of  milHons  of 
stars  blazing  in  full  glory  also  sugge.st.s  .strongly  that  the 
lifetime  of  a  sun  is  very  long,  for  it  is  not  reasonable  to  sup- 
pose that,  if  they  endured  only  a  comparativply  short  time, 
so  many  of  tiiem  woulil  now  have  ^^uch  great  brilliancy.  In 
view  of  these  uncertainties  it  is  not  siife  to  set  any  definite 
limit  on  the  future  duration  of  the  sun,  however  probable 
its  liiuil  extinclion  nuiy  \>v. 

If  the  .sun  cools  off  before  something  destroys  the  planets, 
they  will  revolve  arotmd  it  colti,  lifeless,  an<i  iuvi.sible,  while 
it  pur.sues  it.s  joumr-y  through  the  trackless  inlinity  of  space. 
If  the  radiation  of  the  sun  does  not  sensibly  diminish,  the 
earth,  and  p().s,sibly  .some  of  the  otlier  planets,  will  continue 
to  be  suited  for  the  abode  of  life  until  they  are  in  some 
way  destroyeil,  Whether  or  not  the  sun  becomes  cold,  the 
planets  will  be  broken  into  fragments  when  our  .sun  passes 
suflic'iently  near  another  star.  Their  remains  may  then  be 
di.si>er'setl  among  the  revolving  masses  of  a  new  planetcsimal 
.system,  to  become  in  time  parts  of  new  planets.  Indei-d, 
the  meteorites  which  now  strike  the  earth  often  give  evidence 
of  having  once  been  in  the  interior  of  mas-ses  of  planetarj- 
dimensions,  ;uid  C'liamberlin  has  suggested  that  they  may 
be  the  remains  of  a  fiunily  of  planets  antedating  our  own. 
To  such  tiizzy  h^>ights  are  we  led  in  .s<jl)er  .scientific  pursuits ! 

The  question  of  the  purpose  of  all  the  wondeiful  things  in 
the  universe  is  one  which  ever  arises  in  the  human  mind. 
With  sublime  egotism  men  have  usually  answeretl  that  every- 
thing was  created  for  their  pleasure  and  benefit.  The  sun 
was  nia{(e  to  give  them  light  by  day,  and  the  moon  and  the 
myriads  of  stars  to  illuniiuiite  their  way  by  night.  The 
numberless  plants  and  animals  of  forest  and  prairie  and 
sea  were  supposed  to  exist  primarily  for  the  profit  of  the 
human  race.  But  with  the  increase  of  knowledge  this  con- 
clusion is  seen  to  be  absurd.     How  infinitesimal  a  part  of 
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the  solar  system  nni!  its  energA'  man  can  use,  to  say  nothing 
of  that  in  the  huiidiwls  of  niitlions  of  other  systems  which 
are  found  in  the  sky  ! 

How  many  billions  of  creatures  were  bom,  lived,  and  died 
lipfore  man  ajipearcd  !  The  precise  time  of  the  beginning  of 
life  on  the  earth  und  the  manner  of  its  origin  are  lost  in  the 
clistant  past.  In  the  oldest  rocks  laid  tlown  :us  sediments 
tens  of  millions  of  years  ago  in  the  Archeozoic  era  there  are 
indications  of  the  existence  of  low  forma  of  life  on  the  earth. 
In  the  Canil>rian  pi'riod  trilobites  and  other  lowly  creatures 
lived  in  great  abundance.  In  the  Ordovician  jx^riod  the 
types  of  lo%v  forms  greatly  increased  and  the  vertebrates 
began  to  appear  ;  in  the  .Silurian,  they  were  firmly  established  ; 
in  the  Devonian,  they  were  still  further  developed.  And 
after  many  other  geological  periods  had  passed,  the  higher 
forms  of  life,  including  man,  appeared.  Now  man  finds 
himself  a  part  uf  this  great  life  stream,  not  something  funda- 
mentally different  from  the  rest  and  that  for  which  it  exists. 
If  the  earth  shall  hi-st  some  millions  or  tens  of  millions  of 
years  in  the  future,  ;us  seems  likely,  the  physical  and  mental 
changes  which  the  human  race  will  untlergo  may  be  as  great 
as  those  through  which  tlic  animal  kingdom  has  pa.s.Hed  during 
the  long  i)eriods  of  geological  time.  This  is  especially  prob- 
able if  men  learn  how  to  direct  the  processes  of  their  own 
evohition.  But  if  they  do  not,  the  human  race  may  become 
e.xtiiict  just  as  many  other  species  nf  jinimals  have  become 
extinct.  However  this  may  \k,  it  seems  certain  that  its  end 
■will  come,  for  eventually  the  light  of  the  sun  will  go  out,  or 
theeartli  and  the  other  planets  will  hv  wrecked  by  a  passing 
star,  and  the  (]uestion  nf  the  purpose  of  it  all,  if  indeed 
there  is  any  purpose  in  it,  still  remains  unanswered. 

XX.     QUESTIONS 

Arc  the  particles  win'ch  produce  the  zodiarol  lijtht  an  example 
of  the  planetesimat  organization? 

2.  In  the  map  of  oni'  star  pa-ssinR  by  another,  why  would  their 
ejections  of  material  be  largely  toward  or  from  each  ot her ? 
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3.  Show  by  a  rfsolution  of  the  forces  that  the  material  ejected 
both  toward  and  from  S'  will  d<?8eribe  curves  around  iS  in  the  same 
direction. 

4.  Will  the  orbit  of  S'  be  changed  if  it  changes  the  moment  of 
momentum  of  the  s.vst<>m  5?  What  will  he  (lie  result  in  the  very 
spwial  (!aso  wliere  the  orbit  of  S'  relatively  to  S  is  originally  a 
parabola  ? 

!i.  In  new  of  Table  XIII.  what  fraction  of  the  material  ejected 
from  S  would  rBasonably  bi^  expected  (o)  to  fall  back  on  S.  (fe)  to 
revolve  around  it  in  the  plaiitilcsimal  state,  (f)  to  escape  from  its 
gravitative  control?  On  the  basis  of  these  figures,  find  what  frac- 
tion of  S  would  need  to  be  ejected  altogether  in  order  to  provide 
material  for  the  planets. 

(J.  Woulii  the  eccentricities  of  the  orbits  of  the  material  which  fell 
bai'k  upon  .S  have  been  large  or  srnall  ?  Would  most  of  the  collisions 
have  been  gracing,  as  was  assuttied  in  the  discussion  in  Art.  2o3? 

7.  In  vii^w  of  the  kinetic  theory  of  gases,  would  a  gaseous  nucleus 
as  massive  as  I  he  numn  iMmceiitnvte  or  dissipate  ?  Would  a  nucleus 
of  the  materials  found  in  the  sun  remain  gaseous  on  cooling? 


IV.   HisTOKicAL  Cosmogonies 

261.  The  Hypothesis  of  Kant.  —  The  work  of  Thomas 
Wriglit,  wliii'h  picccdi'd  lh:»t  of  Kant  by  five  years,  was 
conccrncti  chicHy  with  tho  I'voluticui  of  the  whole  sidereal 
universe.  Wright  siipjKi.scd  the  Milky  Way  is  made  up  of 
a  great  number  of  niutuidly  attracting  sy.stcms  which  are 
spread  out  in  a  great  diiubie  ring  rotating  atiout  an  axis 
perix-nciicular  to  its  phuie.  Kant  wa.s  the  first  one  to  imder- 
take  the  devekipment  of  a  detailed  theory  of  the  evolution  of 
the  solar  sy.stetn  on  the  liasis  of  the  law  of  gravitation. 

Kant's  iiitere.st  in  cosmogony  was  arou.sed  by  the  book 
of  Wiiglil,  which  fell  into  hi.s  hands  in  1751.  He  at  once 
turned  liis  keen  and  penetrating  mitid  to  the  question  of  the 
origin  of  the  planets,  and  wrote  a  brilliant  work  on  the  sul>- 
ject.  On  almost  every  page  he  gave  proof  of  the  intellectual 
power  which  later  math-  him  the  foremost  philo.sopher  of  his 
time,  yet  his  tiieories  were  not  wi(  hout  serious  imperfections. 

Kant  po.stulated  that  the  parent  of  the  solar  system  was 
a  vast  aggregation  of  simple  elements,  without  motion  and 
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sul)ject  only  to  gravittiCionMl  and  flicrniciil  forces  and  the 
repulsion  of  inolcculfs  in  n  gaswuis  stall'.  Nothing  could 
have  been  simpler  for  a  start.  The  problem  was  to  show  how 
such  a  system  could  develop  into  a  central  sun  and  a  family 
of  widely  separated  planets. 

Kant  reasoned  that  motions  among  the  molecules  would 
be  set  up  by  their  ehemiral  affinities  and  mutual  attractions. 
He  .statwl  thai  the  large  molecules  would  ilraw  to  themselves 
the  smaller  ones  in  their  immediate  neighlx)rhood,  and  that 
with  growth  their  |X)wer  of  growing  would  continually 
increase.  He  believed  that  not  oiilj'  would  aggregations  of 
molecules  Ix*  fonned,  f)ut  that  these  masses  would  acquire 
motions  both  because  of  the  attraction  of  the  system  as  a 
whole  and  also  becau.se  of  their  imitual  attractions.  Kant 
called  attention  to  the  fact  that  attraction  would  be  opjwsed 
by  gaseous  expansion,  and  he  .supjiosed  that  these  repulsive 
forces  in  some  obscure  way  would  generate  lateral  motitms 
in  the  small  nuclei.  At  first  the  nuclei  would  be  moving 
in  every  pos.sible  direction,  but  he  a.ssutned  that  successive 
collisions  would  climinah'  all  except  a  few  moving  in  the 
le  direction  in  nearly  circular  orbits. 

The  beauty  and  gener;ili1y  of  Kant's  lheor>'  are  enticing, 
but  it  involves  .some  obvious  and  fatal  difheulties.  In  the 
first  place,  the  attractive  and  repulsive  forces  would  not 
1m'  eomfK'tent  to  .set  up  a  general  ri'volution  of  a  .system 
which  was  originally  at  rest.  His  conclusion  in  this  matter 
squarely  violates  the  principle  that  the  moment  of  momentum 
of  an  isolated  system  remains  constant. 

Notwithstanding  clear  statements  by  Kant,  some  writers 
have  morlified  his  theorj'  by  supposing  that  there  was  hetero- 
geneous motion  of  the  original  chaos  with  a  predominance  in 
the  direction  in  which  tlie  jilaiu'ts  now  revolve.  But  with 
this  concession  to  the  theory,  which  makes  it  dynamically  a 
different  theory,  difficulties  .still  remain.  It  is  not  at  all 
clear  (hat  in  a  system  of  sucli  enormous  extent  the  orbits 
of  all  bodies  except  those  having  motion  in  the  dominant 
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direction  would  be  destroyed  by  collisions.  There  is,  indeed, 
no  apparent  reason  why,  if  this  were  the  true  history  of  the 
origin  of  the  planets,  some  planets  should  not  now  Ije  found 
revolving  at  right  angles  to  the  general  plane  of  the  system, 
or  even  in  the  retrograde  direction.  This  is  not  impossible, 
as  is  proved  by  the  motions  of  the  comets.  Thus  it  is  seen  that 
if  Kant's  hypothesi.s  is  taken  strictly  as  he  gave  it,  the  condi- 
tion that  the  nionieiit  of  momentum  of  the  8>-stem  should 
have  its  present  value  is  violated,  and  that  if  the  postulates 
are  changed  so  as  to  relieve  this  »iifiiculty,  othei-s  still  remain. 

Kant's  liicor.v  has  also  secondarj-  difficulties  of  a  serious 
nature.  For  example,  in  a  gas  the  mutual  attractions  of 
the  molecules  could  not  draw  them  together  into  small  nuclei. 
Even  (lie  moon  could  not  now  add  to  its  mass  if  it  should 
pass  through  a  gas.  To  avoitl  this  difficulty  one  might  assume 
that  there  was  first  condensation  into  the  liquiti  or  .solid  state. 
So  many  molecules  would  be  involved  in  the  formation  of 
even  the  minutest  drop  that,  by  an  averaging  process,  their 
lateral  motions  would  essentially  destroy  one  another,  the 
particle  would  fall  toward  the  center  of  the  whole  system, 
and  no  planets  wouKl  be  formed.  In  order  to  avoid  this 
difficulty  it  is  necessary  to  depart  from  Kant's  ideas  and  t<j 
assume  either  that  the  whole  gaseous  mass  was  rotating  with 
considerable  velocity,  or  that  the  matter  was  not  in  a  gaseous 
state.  If  the  first  of  the  two  assumjitions  is  made,  it  is  found 
by  a  mathematical  treatment  that  the  moment  of  momen- 
tum of  the  system  would  bv  more  than  2()0  times  what  it  is 
at  present.  Since  the  moment  of  momentum  would  remain 
unaltered,  the  second  alternative  must  be  adopted.  But 
this  is  directly  eontrarj'  to  the  fundamental  assumptions  of 
Kant,  and  it  is  hardly  permissiljle  to  regard  a  theorj'  as  hav- 
ing preserved  its  identity  after  having  lx>en  mo(hfie<l  to  this 
extent.  The  condition  to  which  one  is  forced,  viz.,  that  of 
discrete  particles  in  orbital  revolution  in  the  same  direction, 
is  actually  the  planetesimal  organization. 

In  successive  chapters  Kant  considered  the  densities  and 
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ratios  of  tho  niassi'.s  of  tho  planets,  the  eccentripities  of  the 
planetary  orbits  and  the  origin  of  comets,  the  origin  of  satel- 
lites anfl  the  rotation  of  the  planots,  etc.  He  even  elaimed 
to  have  proved 'without  observational  evidenee  the  existence 
of  life  on  other  planets.  In  spite  of  the  keenness  of  his 
intolleet  and  liis  roinarkable  powers  of  generalization,  his 
theorj-  has  not  had  much  influence  on  speculations  in  eos- 
niORony,  because  it  is  niarrerl  by  so  many  serious  errors  in 
the  applifatirm  of  pliysiral  and  dynatnical  laws. 

262.  The  Hjrpothesis  of  Laplace.  —  The  hypothesis  of 
Laplace  appeared  near  the  enrt  of  a  splendid  popular  work 
on  a,stronoiny  which  hr  i>ublis!ied 
in  ITUti.  He  advanced  it  "  with 
that  distrust  which  everything 
ougiit  (o  inspire  that  is  not  ;i 
result  of  observation  or  of  cal- 
culation." How  great  an  ft<"lvaiici' 
over  Kant  (hi.s  one  sentence 
indicates  ! 

In  outline,  the  hypothesis  of 
Laplace  Wiis  that  urtginally  the 
solar  atmosphere  (in  later  edi- 
tions a  nebulous  envelope),  in  an 
intensely  heated  .state,  extended 
out  beyond  the  orbit  of  the 
farthest  planet ;  the  whole  maas 
rotatcfl  as  .-i  solid  in  the  direc- 
tion in  which  the  planet.s  now  revolve ;  the  dimensions  of 
the  solar  atmosphere  were  maintained  mostly  by  gaseous 
expansion  of  the  highly  heated  vapors,  and  only  slightly 
by  the  centrifugal  acH'eleratioa  due  to  the  rotation;  as  the 
mass  lost  heat  liy  radiation,  it  contracted  under  the  mutual 
gravitafifm  of  its  parts ;  simultaneously  with  its  con- 
traction, its  rate  of  rotation  necessarily  increased  because 
the  moment  of  momentum  remained  constant ;  after  the 
rotating  mass  had  contracted  to  certain  dimensions  the  cen- 
2a 
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trifugat  acceleration  at  the  equator  equaled  the  attraction  by 
the  interior  parts  and  an  equatorial  ring  was  left  behind,  the 
remainder  fontitiuing  to  routrtiet ;  a  ring  was  abandoned 
at  the  distance  uf  ejicii  planet;  a  ring  eould  scarcely  have 
had  absolute  uniformity,  and,  separating  at  some  point,  it 
united  at  snnie  other  liecatise  of  the  nuitua!  attractions  of 
its  parts  and  formed  a  planet ;  and,  finally,  the  saieliites  were 
formed  from  rings  which  were  left  off  l)y  the  contracting  plan- 
ets, Saturn's  rings  being  the  only  examples  still  remaining. 

The  contraction  theory  of  the  sun's  heat,  which  was  devel- 
oped bj'  Helniholtz  in  1854,  fitted  in  very  well  with  the  La- 
placian  hypothesis  and  was  consiilered  as  supporting  it. 
Some  olijections  to  the  Lajilacian  theory,  however,  began  to 
appear.  In  1873  Roche,  the  author  of  the  theorem  that  a 
satellite  would  I)e  broken  up  by  tidal  .strains  if  its  distance 
from  its  primary  should  lieconie  less  than  2.44  radii  of  the 
latter,  seriously  undertook  to  modify  the  hypothesis  of 
Laplace  so  as  to  relieve  it  of  the  difficulties  with  which  it 
was  Ix'set.  His  modifications  were  for  the  most  part  improb- 
able and  do  not  in  the  least  meet  later  objections.  Kirk- 
wood,  an  .\jnerican  astronomer,  criticized  the  Laplacian 
hypothesis  and  [jointed  out  that  the  direct  rotation  of  the 
planets  might  be  due  to  the  effect  of  the  sun's  tides  on  them 
when  thej'  were  expanded  in  the  ga.seous  state.  In  1884j 
Faye  made  very  radical  modifications  of  the  hypothesis  ot 
Laplace  for  the  purpose  of  avoiding  the  difficulties  in  which 
it  was  becoming  involved.  He  supposed  that  the  planets  i 
were  formed  in  the  depths  of  the  solar  nebula  and  that  thase^ 
nearer  the  sun  are  actually  older  than  those  which  are  more 
remote.  About  1S78  Darwin  began  his  great  work  on  the 
tides  which  he  regarded  .is  supplementing  and  strengthening 
the  hypothesis  of  Laplace, 

It  is  now  generally  recognize<l  that  the  Laplacian  hypothe- 
sis fails  because  it  does  not  meet  the  most  fundamental 
requirements  of  the  problem.  For  example,  the  density  of 
the  hypothetical  solar  atnio.spherc  must  have  varied  in  har- 
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mony  with  the  laws  of  gases.  With  this  distributton  of 
density,  whidi  can  be  theoretically  tleterminod,  and  the 
rotation  which  is  given  by  the  revolution  of  the  planets,  it  is 
an  easy  matter  to  compute  the  nionieiit  of  uionientum  pos- 
sessed by  the  hypothetical  system  when  it  extentled  out  to 
the  orbit  of  Neptune.  It  turns  out  to  be  more  than  200 
times  that  of  the  system  at  present.  If  the  liypotliesis  of 
Laplace  were  correct,  the  two  would  be  equal ;  the  discrep- 
ancy is  so  enormous  that  the  hypothesis  must  be  radically 
wrong. 

The  details  of  the  Laplacian  hypothesis  are  subject  to 
equally  serious  difficulties.  For  example,  it  would  be  impos- 
sible for  successive  rings  to  be  left  otT.  Kirkw<x)d  long  ago 
pointed  out  that  if  instability  in  the  equatorial  zone  once 
set  in,  it  would  persist,  and  CharnlxTlin  has  shown  that  the 
result  would  be  a  continuous  disk  <»f  particles  describing 
nearly  circular  orbits.  I'"urther,  if  a  ring  were  left  ofT,  it 
could  not  even  begin  to  condense  into  a  i)lariet  because  both 
gaseous  expansion  and  the  tidal  forces  due  to  the  sun  would 
more  than  offset  the  mutual  gravitation  of  its  parts.  It  has 
been  seen  how  large  and  dense  '  a  planet  must  be  in  order 
to  hold  an  atmf>sphere;  while  the  ring  would  be  large,  its 
density  would  be  extremely  low  and  it  could  not  control  the 
lighter  elements.  And  it  has  been  shown  that  even  if  a  cir- 
cular ring  had  in  sonie  way  largely  condensed  into  a  planet, 
the  process  could  not  have  completed  itself.  In  order  that 
a  nucleus  may  gather  up  scattered  materials,  it  is  necessary 
that  they  shall  be  moving  in  considerably  eccentric  orbits. 

Since  the  Laplacian  hypothesis  fails  in  the  fundamental 
requirement  of  moment  of  momentum,  as  well  as  in  a  num- 
ber of  other  essential  respects,  it  will  be  sufficient  simply  to 
enumerate  some  of  the  phenomena  which  are  obviously  not 
in  harmony  with  it : 

(1)    It   does  not   provide  for  the  planetoids  with  their 

'  The  power  of  control  of  a  ptaiict  on  an  atmosphere  ii  proportioiuil  to 
the  product  of  its  density  and  radius. 
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interlacing  orbits,  some  having  high  inclinations  or  eccen- 
tricities. 

(2)  It  (ioPH  not  permit  of  the  existt'uce  of  an  object  hav- 
ing such  an  orbit  as  that  of  Eros,  which  reaches  from  near 
that  of  the  earth  out  beyond  that  of  Mars. 

(3)  It  irnphes  that  a  continiunis  ihsk  of  particles,  such  as 
that  produfitiK  tlie  zodiacal  light,  caimot  exist. 

(4)  It  does  not  anticipate  the  considerable  eccentricity 
and  indiimtiun  of  Mercury's  orbit, 

(5)  It  does  not  agrcv.  with  the  fact  that  the  terrestrial 
planets  seem  to  be  at  least  as  old  as  the  more  ivmote  ones. 

(6)  It  does  not  permit  of  t  heif  iK'ing  any  retrograde  satcl- 
htes  because  the  rings  Mbaiidoiieil  by  a  contracting  nebula 
would  necessarily  all  rotate  in  the  same  direction.' 

(7)  It  implies  that  the  rotation  period  of  each  planet  shall 
be  shorter  than  the  shortest  [)eriud  of  I'cvulution  of  its  satel- 
lites. This  condition  is  not  old}'  violated  in  the  case  of  the 
inner  satellite  of  Mais,  but  (lie  jiaiticli's  of  the  inner  ring  of 
Saturn  revolve  in  half  the  (lerind  uf  the  jjlanet's  rf>tation. 

263.  Tidal  Forces.  —  The  sun  and  moon  generate  tides 
in  the  oceans  that  cover  the  earth.  Tifles  are  rai.se«i  also 
in  the  atmosphere  and  in  th<!  solid  earth  itself.  Similarly, 
every  celestial  body  raises  tides  in  every  other  celestial  Ixnly. 
The  first  problem  which  will  be  considered  here  will  be  the 
character  of  the  tide-raising  forces,  and  the  siH'ond  will  l>e 
the  effects  of  the  tides  on  the  rotations  and  revolution  of  the 
two  bodies. 

(^onsider  the  tide-raising  effects  of  m  on  M,  Fig.  163. 
For  simplicity,  consider  the  effects  of  m  on  P  anil  P',  two 
particles  on  the  surface  of  M.  The  problem  of  the  ivsolu- 
tion  of  the  forces  is  that  which  was  treated  in  Art.  153.  Let 
MA  represent  the  acceleration  of  hh  on  M  in  direction  and 
amount.  Then  the  acceleration  of  m  on  P  ami  P'  will  U* 
represented  by  PB  and  P'B'  respectively.     The  former  is 

'  AttemptB  have  been  madc<,  though  uot  succcasfully,  to  avoid  this  diffi- 
culty by  invoking  tidal  friction  (Art.  264). 
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greater  than  MA  because  the  acceleration  varies  inversely 
as  the  square  of  the  distance,  and  Mm  is  greater  than  Pm. 
For  a  similar  reason  P'B'  is  less  than  MA.  Now  resolve 
PB  into  two  components,  PC  and  PD,  in  such  a  way  that 
PC  shall  be  equal  and  parallel  to  MA.  Similarly,  resolve 
P'B'  into  P'C,  equal  and  parallel  to  MA .  and  P'D'.  Since 
PC  and  P'C  are  equal  and  parallel  to  .MA,  they  have  no 
tendency  to  displace  P  and  P'  respectively  with  respect  to 
M.  The  remainiiip;  components,  PD  and  P'D',  are  the  tide- 
raising  accelerations. 

Now  consider  the  tide-raising  forces  all  around  M.     They 
are  as  indicated  in  Fig.  94.     The  forces  toward  m  are  slightly 


» 
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Vw.   103.  — The  tide-raiaing  force. 

greater  than  those  in  the  opposite  direction,  while  the  com- 
pressional  forces  at  90°  from  these  directions  are  half  as  great. 
It  is  clear  from  this  figure  that  if  M  were  not  I'otating  and  in 
were  not  revolviiiK  around  it,  there  would  bo  a  tide  on  the 
side  of  M  towards  m,  and  a  nearly  equal  tide  on  the  side  of 
M  away  from  m  (compare  Art.  153).  The  motions  of  the 
bodies  produce  important  modifications. 

Suppose  the  rotation  of  M  and  the  revolution  of  m  are  in 
the  same  direction  and  that  the  period  of  rotation  of  M  is 
shorter  than  that  of  the  revolution  of  in.  This  is  the  case 
in  the  earth-moon  system.  Under  these  circumstances  the 
tides  Tt  and  Ta  are  carried  somewhat  ahead  of  the  line  Mm, 
as  represented  in  Fig.  1(54.  The  mure  nearly  equal  the  rates 
of  rotation  of  M  and  revolution  of  m,  the  more  nearly  will 
the  tides  Ti  and  T.  be  in  the  line  Mm. 
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Consider  a  point  on  tiio  rotating  body  M.  It  wiU  first 
ROSS  the  lino  Mm,  and  then  somewhat  hiter  it  will  pass  the 
tide  Ti.  The  interval  is  the  lug  of  the  tide.  In  the  case 
of  the  earth-moon  system  a  meridian  passes  eastward  across 
the  moon  (the  moon  seems  to  pass  westwarti  across  the 
meridian),  and  somewhat  later  tiiC!  meridian  passes  the  tidal 
cone  and  has  high  tide.  The  problem  is  enormously  compli- 
cated in  the  case  of  the  earth  by  the  addition  of  the  tides  due 
to  the  sun,  by  the  varying  distances  of  the  moon  and  sun 
north  or  south  of  the  celestial  equator,  by  their  changing  dis- 
tances from  the  earth,  and  especially  by  the  irregular  con- 
tours of  the  continents  and  the  varying  depths  of  the  oceans. 
These  modifying  factors  are  so  numerous  and  in  some  cases 
so  poorly  known  that  at  present  it  is  not  pos.sible  to  predict 
entirely  in  advance  of  observation  either  the  times  or  heights 
of  the  tides ;  but,  after  a  few  obser-vational  data  have  estab- 
lished the  way  in  which  the  tides  at  a  station  depend  upon 
the  unknown  factors,  predictions  become  thoroughly  reliable, 
for  the  tides  vary  in  perfect  harmony  with  the  tiilal  forces. 

264.  Tidal  Evolution.  —  The  tides  are  not  fixed  on  the 
surface  of  aM,  Fig.  KM,  unles.s  the  perioil  of  its  rotation  equals 
the  period  of  revolution  of  m.  When  the  periods  are  unequal 
so  that  the  tides  move  arfiund  the  rotating  body,  some  energy 
is  changed  to  heat  by  friction.  This  energ>-  comes  from  the 
kinetic  and  potential  energies  of  the  system  ;  and,  in  accord- 
ance with  the  laws  of  dynamics,  the  transformation  of 
energ}'  takes  place  in  such  a  way  that  the  total  moment  of 
momentum  of  the  sy.stem  remains  uuchangetl.  Of  course, 
in  general  there  will  be  tides  on  both  of  the  mutually  attract- 
ing bodies. 

The  character  of  the  transformation  of  energy  that  take 
place  under  tidal  friction  depends  upon  the  djniamical 
properties  of  the  system.  Suppose  that  the  motions  of 
rotation  and  revolution  are  in  the  same  direction  and  that 
the  period  of  .1/  is  shorter  than  that  of  m.  It  can  be  shown 
that  under  thei>e  circumstances  the  periods  of  both  M  and  m 
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atul  tlK>ir  ilistaiicr  iip;irt  aro  innrt'ased.  The  reason  that  the 
poriod  of  rotutioii  of  ,1/  is  incrt'asi-d  is  that  in  has  a  fotnponent 
of  attraction  back  on  botli  Ti  aiul  Ti,  Fi^.  164,  as  can  be 
shown  by  rcsolviiiK  the  forces  as  they  wviv  resolved  in  Fig. 
163.  If  m  pulls  Ti  and  T;  backward,  it  follows  from  tlie 
reaction  of  forces  that  Ti  and  Ti  pull  m  fnrwani.  The  result 
of  a  forward  component  on  m  is  to  increase  the  size  of  its 
orbit  and  to  lengthen  its  period. 

If  m  is  near  M,  the  effect  of  the  tides  on  the  perimi  of  revo- 
lufion  of  m  is  greater  than  their  effect  on  the  period  of  rotation 
of  .1/.    If  the  bodies  are  far  apart,  the  result  is  the  opposite. 

Suppose  the  two  bodies  are  initially  close  together  and  that 
the  period  of  rotation  of  M  is  only  a  little  shorter  than  the 
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Fio.   164.  — Tidal  cones  and  the  lag  of  the  tides. 

period  of  revolution  of  m.  The  friction  of  the  tides  will 
lengthen  both  periods  and  increase  the  difference  between 
them.  If  nothing  else  interferes,  this  will  continue  until  a 
certain  distance  between  the  bodies  has  been  reached.  After 
that,  the  effect  on  the  period  of  rotation  of  M  will  be  greater 
than  that  on  the  period  of  revolution  of  m.  Consequently, 
although  both  periods  will  continue  to  increa.se  in  length, 
they  will  approach  equality.  Eventually,  the  periods  of 
rotation  and  revolution  will  be  nqual,  the  tides  will  remain 
fixed  on  M.  and  there  will  be  no  further  tidal  friction  or 
tidal  evolution. 

The  most  im])ortaiit  case  from  a  practical  point  of  view 
has  been  considered,  but  there  are  two  others.  In  the  first 
the  bodies  move  in  the  same  direction,  but  the  period  of 
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rotation  of  Jif  is  longer  than  that  of  revolution  of  m.  Under 
these  circunistancfs  both  periods  are  decreased,  the  relative 
wnounts  dei)pnfiiiig  on  the  distance  of  the  bodies  from  each 
other.  If  tlif  bodies  are  initially  far  apart,  the  efTect  will  be 
greater  on  the  period  of  rotation  of  M  than  on  the  period  of 
revolution  of  m,  and  the  two  periods  will  approach  equality. 
But  if  the  bodie,s  are  near  together,  the  effect  will  be  relatively 
greater  on  the  period  of  m,  the  periods  will  not  approach 
equality,  and  the  bodies  will  ultimately  collide.  In  the 
second  case  the  rotation  of  M  is  in  the  direction  oppo.site  to 
that  of  the  revolution  of  m.  Under  these  circumstances 
M  rotates  faster  and  faster,  the  distance  of  m  continually 
decreases,  and  the  inevitable  outcome  is  the  collision  and 
union  of  the  two  bodies. 

The  rate  at  which  tidal  fririion  takes  place  depends  upon 
the  physical  properties  of  the  bodies.  If  they  are  perfect 
fluids  .so  that  there  is  no  degeneration  of  energy,  there  is  no 
tidal  evolution.  Likewise  if  they  are  perfectly  elastic,  there 
is  no  tidal  friction. 

The  rate  of  tidal  friction  also  depends  upon  the  difference 
in  the  periods  of  the  two  bodies.  If  the  difference  between 
the  periods  is  .small,  the  tides  Ti  and  Tj,  I'"ig.  164,  are  almost 
in  the  line  Mm,  and  it  is  obvious  that  the  backward  compo- 
nents are  small  aiifl  the  rate  of  tidal  friction  is  very  slow. 
Suppo.se  the  periods  are  approaching  equality.  The  smaller 
their  difference  the  slower  Ls  their  rate  of  change,  and  they 
never  Ix'come  exactly  equal  but  approach  equality  as  the 
time  becom(>,s  infinitely  great. 

266.  Efifects  of  the  Tides  on  the  Motions  of  the  Moon.  — 
The  most  striking  thing  in  the  earth-moon  system  is  that 
the  moon's  periods  of  rotation  and  revolution  are  equal. 
It  is  extremely  improbable  that  this  unique  relation  is  acci- 
dental. The  only  explanation  of  it  heretofore  advanced  is 
that  the  moon's  period  of  rotation  has  been  brought  into 
equality  with  its  period  of  revolution  by  the  tides  generated 
in  it  by  the  earth. 
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The  tidal  force  exerted  tiy  the  earth  on  the  moon  is  about 
20  times  the  tidal  force  exerted  by  the  moon  on  the  earth. 
The  amount  of  tidal  friction  is  projwrtioiial  to  the  square  of 
the  tidal  force.  Therefore,  if  the  physical  properties  of  the 
earth  and  moon  were  the  same  and  if  their  periods  of  rotation 
were  equal,  the  effectiveness  of  the  tides  generated  hy  the 
earth  on  the  moon  in  chanpnn  the  moment  of  momentum 
of  the  moon  would  l>e  4(K)  times  that  of  the  tides  generated 
by  the  moon  on  the  earth  in  changing  the  moment  of  momen- 
tum of  the  earth.  Since  the  moment  of  momentum  of  a  body 
is  proportional  to  the  product  of  its  mass  and  the  scjuare  of  its 
radius,  a  given  change  in  the  moment  of  momentum  of  the 
moon  alters  its  rate  of  rotation  1200  times  as  much  as  the 
same  change  in  moment  of  momentum  alters  the  rate  of 
rotation  of  the  earth.  Consequently,  taking  the  two  fac- 
tors together,  if  the  earth  and  moon  were  i)hysically  alike 
and  hat!  the  same  period  of  rotation,  tidal  friction  would 
change  the  period  of  rotation  of  the  moon  400  X  1200  = 
480,000  times  as  fast  as  it  would  change  the  period  of  rotation 
of  the  earth. 

The  results  which  have  been  obtained  seem  to  be  very 
favorable  to  the  theory  that  the  tides  have  caused  the 
moon  to  present  one  side  toward  the  earth,  but  .some  serious 
difficulties  remain.  It  can  lie  shown  that,  considering  the 
tidal  interactions  of  the  earth  and  moon  and  the  effect  of 
the  sun's  tides  on  the  moon,  the  present  condition  of  the 
earth-moon  system  is  not  one  of  e(|uilibrium.  The  tides 
rai.sed  by  the  earth  on  the  moon  have  no  effect  under  present 
circum.stances  on  the  rotation  and  revolution  of  the  moon. 
The  tides  raised  by  the  moon  on  the  earth  increase  the  length 
of  the  month  but  do  not  affect  the  rotation  of  the  moon. 
The  tides  I'aised  by  the  sun  on  the  moon  increase  the  moon's 
period  of  rotation  but  do  not  affect  its  n^volution.  Conse- 
quently the  moon's  periods  of  rotation  and  revolution  are 
both  increasing,  and  it  is  infinitely  improbable  that  all  the 
factors  on  which  these  effects  depend  are  so  related  that 
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they  are  exactly  equal.  Even  if  they  were  equal  at  one  time, 
they  would  become  unequal  with  a  changed  distance  of  the 
moon  from  the  earth.  That  is,  the  prnsent  is  not  a  fixed  state 
of  ecjuilibrium,  and  the  consideration  of  the  tides  does  not 
remove  the  difficulties.  It  seems  probable  from  this  line  of 
thought  that  some  influence  so  far  not  considered  has  caused 
the  u\oon  always  to  i)re.'ie!it  the  same  face  toward  the  earth. 

266.  Efifects  of  the  Tides  on  the  Motions  of  the  Earth.  — 
The  theory  of  the  tidal  evolution  of  the  earth-moon  .system, 
on  tlie  ba.sis  of  certain  assumptions  regarding  the  physical 
condition  of  the  earth,  was  elal)orated  by  Sir  George  Dar^vin 
in  a  splendid  series  of  investigations.  While  the  experiment 
of  Michelson  and  Gale  (Art.  25)  proves  that  his  assumptions 
are  not  satisfied,  at  least  at  the  present  time,  the  possible 
sequence  of  events  which  he  worked  out  is  interesting. 

Since  the  tides  are  increa-sing  the  lengths  of  both  the 
day  and  the  month,  both  of  these  periods  were  formerly 
shorter  and  the  moon  was  nearer  the  earth.  On  the  basis 
of  his  asj5uniptions,  Danvin  traced  the  day  back  until  it  was 
only  four  or  five  of  our  present  hours.  At  that  time  the 
moon  w:i.s  revolving  close  to  the  earth  in  a  period  almost 
equally  short.  This  led  him  to  the  conclusion  that  at  an 
earlier  stage  the  earth  and  moon  were  one  bo<ly,  that  they 
di\nded  into  two  parts  because  of  the  rapid  rotation  of  the 
combined  muss,  and  that  they  have  attained  their  present 
state  as  a  consequencie  of  tidal  friction.  The  same  reason- 
ing leads  to  the  conclusion  that  in  the  future  they  will  con- 
tinue to  separate  and  that  (he  day  will  continually  increase 
in  length. 

The  critical  question  is  whether  the  physical  properties 
of  the  earth  are  such  that  the  rate  at  which  tidal  evolution 
takes  place  makes  it  an  appreciable  factor  in  the  history  of 
the  earth.  Darwin  suivpiwed  the  main  effects  were  due  to 
bodily  tides  in  the  earth  which  he  assumed  to  be  \'iscous. 
Since  it  is  highlj'  elastic,  they  cannot  at  present  be  important, 
but  it  has  generally  been  assumed  that,  whatever  its  present 


CH.  XII.  266)    EVOLUTION   OF   THE    SOLAR  SYSTEM      459 


rnnHititm  iruiy  l>p,  it  was  fomierly  viswms.  There  Ls  abso- 
lutely no  evidence  to  support  the  a,ssumption,  and  if  its 
present  properties  of  solidity  and  elasticity  are  a  conse- 
q\ience  <}f  the  pressure  in  its  interior,  the  assiimi>tion  seems 
very  improbable.  As  Poisson  and  l^ord  Kelvin  showed, 
the  temperature  of  the  interior  of  tlie  earth  cannot  have 
fallen  appreciably  in  s<'veral  hundreds  of  millions  of  years  by 
the  conduction  of  heat  to  its  surface.  Since  the  tempera- 
ture of  the  interior  of  the  earth  cannot  have  changed  appre- 
ciai>ly,  there  seems  to  he  no  good  ground  for  assuming  that 
the  earth  was  once  viscous. 

Since  there  cannot  now  \yc  an  important  degeneration  of 
energ>'  in  the  boctil.v  tides  of  the  earth,  tidal  evolution  must 
flepentl  at  present  almost  entirely  upon  the  tides  in  the 
ocean  and  the  atmosphere.  The  latter  may  be  neglected 
without  im])ortant  error.  The  oceanic  tides  are  so  irregular 
that  it  is  difficult  to  determine  their  effects  on  the  rotation 
of  the  earth.  But  MacMillan  has  made  liberal  e^stimatea  of 
th<>  unknown  factors,  and  has  foun<t  that  at  present  the 
length  of  the  flay  camiot  be  increa.'iing  at  a  rate  of  more 
than  one  minute  in  30,(M)0,'0(MJ  years. 

It  is  possible  to  fleteriiiine  (thscrvationally  the  present  rate 
of  tidal  evohition.  The  day  and  the  month  are  increa.sing 
in  length,  but  the  effect  on  the  day  is  the  greater.  Conse- 
qiientty,  if  the  length  of  the  month  is  measured  in  days,  as 
is  done  practically,  it  will  seem  to  lie  decrcsisiiig  in  length. 
It  is  found  from  observations  that  the  moon  is  getting  ahead 
of  its  predicted  [ilace  from  4  to  6  secon<ls  of  arc  in  100  years. 
Thai  is,  in  1240  rcvohitinns  the  moon  gets  ahead  of  its  pre- 
dicted place  alxiut  xhs  "^  'f**  diameter.  On  the  basis  of  these 
facts  and  the  assumjition  that  the  increase  in  the  lengt.h  of 
the  month  is  due  to  the  tiflal  interactions  of  the  earth  and 
moon,  the  proper  discussion  shows  that  at  the  present  time 
the  lengt.h  of  the  day  is  increa-sing  as  a  consequence  of  all  the 
factoi-s  affecting  the  rotation  of  the  earth  at  the  rate  of  one 
minute  in  900,000,000  years. 
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It  is  evident  that  tidal  evolution  is  not  an  important  fac- 
tor in  the  earth-moun  system  for  any  period  short  of  several 
hundred  millions  of  years.  Either  the  theory  of  tidal  evolu- 
tion as  elaborated  by  Darwin  must  be  abandoned  as  not 
representing  wliat  has  at-tually  taken  place,  or  a  condition 
for  the  earth's  interior  totally  different  from  that  which  exists 
at  present  must  be  arl>itrarily  assumed. 

267.  Tidal  Evolution  of  the  Planets.  —  There  is  perhaps 
some  slight  evidence  that  Mercury  and  Venus  alwa3's  keep 
the  same  side  toward  the  sun,  and  this  condition  has  been 
asci'ibed  to  the  effects  of  tides  which  the  sun  inaj'  have  raised 
in  them.  The  tidal  force  exerted  by  the  sun  on  Mercury  is 
about  2.5  times  as  great  as  that  of  the  moon  on  the  earth. 
In  view  of  the  fact  that  the  moon's  tides  on  the  earth  cer- 
tainly do  not  have  appreciable  effects,  it  does  not  seem  prob- 
able that  the  sun's  tides  have  radically  changed  the  rotations 
of  Mercury  and  Venus.  Besides  this,  it  must  be  remem- 
bered t  hat  the  condition  of  equality  of  periods  of  rotation  and 
revolution  would  be  attained  in  any  case  only  after  an 
infinite  time. 

The  tidal  action  of  the  sun  on  the  more  remote  planets  is 
much  less  than  that  on  the  earth.  No  other  satellite  has 
relatively  as  great  effects  on  its  primary  as  the  moon  has  on 
the  earth.  Consequently,  we  are  forced  to  the  conclusion 
that  in  the  solar  system  tidal  evolution  has  not  been  an  im- 
portant factor  for  a  period  of  at  least  several  hundreds  of 
millions  of  years. 


XXI.    QUESTIONS 

1.  According  to  Kant's  theory,  why  should  the  sun  rotate  in  the 
direction  the  planets  revolve? 

2.  Is  the  assumption  of  Laplace  that  the  oriierinal  nebula  wms 
highly  heated  in  harmony  with  the  present  temperature  of  the  sun 
and  Lamp's  law?     Why  did  Laplace  make  the  assumption? 

3.  Why  did  Laplace  assume  that  the  original  nebula  was  rotating 
as  a  solid  ? 

4.  To  what  extent  does  the  contraction  theory  of  the  sun's  heal 
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support  the  Laplaoiari  hypothesis?     Is  it  opposed  to  thi^  planetes- 
imal  hypothesis  an<i  Kanl's  hypothesis? 

5.  In  what  way  docs  the  Laplaeian  hypothesis  fail  to  meet  the 
reqiiirements  of  moment  of  moiiu'titum? 

6.  On  the  basis  of  Lane's  law,  what  was  thf  lemperalure  of  the 
surface  of  the  sun  if  it  extended  to  the  orhil  of  the  earth?  How  do 
you  account  for  the  presence  of  rofraotory  materials  in  the  earth, 
under  the  I^placian  hypothesis?  . 

7.  Explain  carefully  in  what  respects  the  seven  things  mentioned 
at  the  end  of  Art.  262  are  opposed  to  the  Laplacian  hypothesis. 

8.  What  should  he  the  present  shape  of  the  sun  if  the  Laptacian 
hypothesis  were  true? 

0.  In  the  case  of  the  earth  and  moon,  what  is  the  magnitude  of 
the  tidal  force  at  the  point  on  the  siflc  of  the  mirtli  toward  the  moon 
compared  to  the  whole  attraction  of  the  moon?  ('oinpared  to  the 
attraction  of  the  e.irth  ? 

10.  The  tides  produced  on  the  earth  by  the  moon  decrease  the 
earth's  moment  of  momentum;  what  becomes  of  that  which  the 
earth  loses,  and  what  changes  in  the  system  does  it  cause? 

11.  Show  that  when  M  rotates  faster  than  m  revolves,  the 
attractions  of  m  fnr  both  T,  and  7')  tend  to  decrease  the  rate  of 
rotation  of  M. 

V2.  Suppose  the  rati^  of  rotation  of  the  ejirth  is  constant  and  that 
in  a  century  the  moon  gets  (V  ahead  of  the  place  it  would  occupy 
if  its  rate  of  revolution  were  constant.  How  long  would  be  required 
for  its  period  to  decrease  1  per  cent  ? 


CHAPTEE   Xiri 
THE   SIDEREAL   UNIVERSE 

I.   T}iE  Apparent  Distribution  of  the  Stars 

268.  On  the  Problems  of  the  Sidereal  Universe.  —  The 
invention  of  the  tcleacupe  iind  the  discovery  of  the  law  of 
gi'avitution  were  followed  tiy  a  long  ])eriod  of  successes  in 
unraveling  the  mysteiies  (jf  the  solar  system.  The  positions 
of  liie  sun,  moon,  and  planets  were  metisuretl  with  ex- 
traoniiriary  jireei.'sion,  and  the  hnv  of  gravitation  aecomited 
for  the  luuuerous  pel■ulia^tie^  nf  tlieir  niotioiw.  Wiiat  had 
been  my8teriou.s  and  inexiilicable  became  familiar  and  thor- 
oughly undenstood.  TeIeseoiH='a  of  continually  increasing 
power  enabled  tustronomers  to  measure  accui-ately  tiie  dis- 
tances and  diameters  of  these  bodies  and  to  learn  much  of 
their  surface  conditions.  At  la.'^t  the  invi'ntimi  of  the  spec- 
tro.scope  enabletl  them  to  determine  the  chemical  constitution 
of  the  sun. 

There  is  great  jilea.sure  now  in  working  in  a  science  whose 
data  are  exact  and  whose  laws  are  firinlj'  estabUshetl.  The 
certainty  of  the  results  satisfies  the  human  in-stinct  for  final 
truth.  But  there  was  als(j  pleasure  of  a  different  kind  ft)r 
those  pioneers  who  first  explored  the  planetary  system  with 
good  instruments  and  show«l  by  mathematical  processes 
that  its  members  are  obedient  to  taw.  For  them  every 
observation  and  cverj'  calculatitm  was  an  atlventure.  They 
were  continually  in  fear  that  their  <lreams  of  knowing  the 
order  prevailing  in  the  universe  would  be  shattered ;  they 
were  continually  elated  by  having  their  theories  confirmed. 

The  jjioneer  days  of  discovery  in  the  .solar  sy.stem  are  past. 
Not  that  great  discoveries  do  not  remain  to  be  made,  but 

463 


464    AN    INTRODUCTION    TO  ASTRONOMY   [ch.  xm.  268 


they  will  henceforth  fit  into  a  large  body  of  organized  facts. 
From  now  on  the  romance  and  excitement  of  astronomical 
adventure  will  1)P  largely  fumi.shed  by  the  explorations  of  the 
sidtTful  universe.  Astronomers  have  become  accustomed 
to  the  fact  that  the  sun  is  a  million  times  as  large  as  the  earth, 
and  faniillMrity  has  dulled  their  amazement  at  its  terrific 
activities;  fronj  now  on  the}-  must  deal  with  millions  of 
stars,  some  of  them  much  larger  and  thousands  of  times 
more  lumiiious  than  the  sun.  They  have  measured  and  at 
least  jjartiully  graspetl  the  enormous  tiimensions  of  the  solar 
system ;  from  now  on  they  must  conceive  of  and  deal  with 
distances  miliiuiis  of  times  iw  grc-at.  They  have  observed 
the  differences  in  characteristics  exhibited  by  eight  planets; 
from  now  on  they  will  be  face  to  face  with  the  infinite  diver- 
sity ])reseiite<l  by  the  stars.  They  have  definitely  accepted 
'tlie  doctrine  that  tlie  .solar  system  has  undergone  a  great 
evolution  whose  details  are  yet  much  in  doubt ;  the  corre- 
sponding ((ue.stion  for  hundreds  of  millions  of  other  sj'stems 
is  Illuming  u]}  more  indistinctly  through  the  fogs  of  uncer- 
tainties which  still  surround  them.  It  might  be  supposed 
that  asfrononiers  would  be  t«'ni])teil  to  lay  down  the  arms 
of  ttu'ir  under.staudiug  before  the  transcendental  and  appal- 
lingly difficult  ]>robl<'m8  presented  by  the  sidereal  system. 
Instead,  witti  all  the  wea|M)ns  at  their  command,  they  are 
making  more  vigorous,  pcreistent,  and  successful  .attacks  than 
ever  before.  Astronomers  of  all  the  leading  countries  are 
united  .and  cuiiperate  in  this  campaign ;  they  employ  tele- 
scopes of  many  kinds,  spectroscopes,  photographic  plates, 
measuring  machines,  and  powerful  mathematical  processes  in 
tiii'ir  attempts  to  ]>enetm(e  the  unknown. 

269.  The  Number  of  Stars  of  Various  Magnitudes.  — 
The  simplest  and  most  easily  determined  thing  about  the 
stansi  is  their  number.  Of  course  the  number  that  can  be 
seen  depends  upon  the  power  of  the  instrument  with  which 
the  observations  are  made.  If  the  stars  extend  infinitely 
in  every  direction  with  appro-ximately  equal  distances  from 
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one  anothpr,  the  number  of  them  revealed  by  a  telescope  will 
be  proportional  to  the  space  it  brinRs  within  visual  ninj^e. 
On  the  other  hand,  if  the  stars  are  less  densely  distributed  at 
a  great  distance  in  any  direction,  then  the  number  of  faint 
distant  stars  seen  in  that  direction  will  fall  slmrt  of  being 
proportional  to  the  space  penetrated  by  the  instrument. 
For  this  reason  it  is  important  to  find  the  number  of  stars  of 
each  mapiiitude  down  to  the  limits  of  range  of  the  most 
powerful  telescopes. 

Consider  first  what  the  apparent  distribution  in  maRnitude 
would  be  if  stars  of  every  actual  size  and  luminosity  were 
scattered  uniformly  tlirou^liout  s])mi"c.  Take  m  hii^jte  enough 
volume  so  that  accidental  groupings  will  not  .sensibly  afTect 
the  results.  For  example,  sujipo.se  there  are  oIKHJ  stars  in 
the  first  six  magnitudes  and  compute  the  number  there  sliould 
be,  under  the  hypothesis,  in  the  first  seven  magnitudes. 
The  sixth-magnitude  stars  are  2.512  ■  •  •  times  as  bright 
as  the  seventh-magnitude  stars.  Since  the  amount  of  light 
received  from  stars  of  given  absolute  brightness  varies  in- 
versely as  the  squares  of  their  distances,  it  follows  that  stars 
of  the  seventh  magnitvide  are  ■v'2..'il2  •  •  •  =  l.,')8'>  •  •  •  times  i\8 
distant  as  corresi>onding  stars  of  the  si.xth  magnitude. 
Therefore  the  volume  occupied  l>y  stars  out  to  the  seventh 
msignitmle,  inclusive,  is  (1.585  •••)'=  3.9S  •••  times  that 
occupied  by  the  first  .six  magnitudes.  Hence,  if  the  stars 
were  uniformly  distributed  and  the  light  of  the  remote  ones 
were  in  no  way  obstrurtcd,  there  would  be  3.9S  •  •  •  times  sis 
many  stars  in  the  finst  seven  magnitudes  as  in  the  first  six 
magnitudes,  or  nearly  20,000  stars.  The  ratio  is  the  same 
for  the  total  number  of  stars  up  to  «n\'  two  8ucce.s.sivc 
magnitutles  because  the  particular  magnitudes  do  not 
enter  into  its  computation.  And  it  can  lie  shown  easily 
that  the  ratio  of  the  number  of  stars  of  any  magnitude  to  tlie 
number  of  the  next  magnitude  brighter  is  also  3.f)8  •  •  •• 

It  remains  to  examine  the  results  furnished  by  the  obser- 
vations. The  stars  are  so  extremely  numerous  that  only  a 
2b 
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small  fraction  uf  tlic  total  number  within  reach  of  modern 
instrtinieots  has  Iwen  counted.  But  an  approximation  to  the 
solution  of  the  prnhlfm  uf  determining  the  number  of  stars 
nas  been  obtained  by  counting  sample  regions  of  known  size 
m  manj'  parts  of  the  sky,  and  then  multiplying  the  result 
by  the  number  necessary  to  include  thf>  whole  celestial  sphere. 
By  far  the  most  extensive  work  uf  this  kind  has  been  carried 
out  by  C^hapni.in  and  Melotte  of  the  Royal  Observatory  at 
Greenwich.  They  made  use  of  stai"s  down  to  magnitude 
17..5,  where  4,(M)U,tHH)  of  them  .send  to  the  earth  only  a  little 
more  light  than  one  star  of  the  first  magnitude.  Their 
results  nv  given  in  the  following  table : ' 

Table  XIV 


Maokitudb 

NvMBBJi  or  Stam 

Uaonitodk 

Numbs*  or  Stabb 

5to    6 

2.026 

11  to  12 

961,000 

0  to    7 

7.095 

12  to  1.3 

2,02:},(X)0 

7to    8 

22.550 

13  to  14 

S.StVl.tHX) 

8  to     !» 

6,'j,040 

14  to  ir> 

7.824,000 

!>  to  10 

17i,4f)0 

15  to  16 

14,040.000 

10  to  11 

42(1,200 

IC.  to  17 

25,30(J,000 

The  ratio  of  the  number  of  stars  of  a  given  magnitude  to 
the  number  of  stars  one  magnitude  fainter  is  3.5  at  the 
beginning  of  the  table,  anil  it  eontinually  decreases  to  1.8 
at  the  end.  Therpfore,  not  onlj-  is  the  ratio  for  every 
interval  of  one  magnitude  less  than  the  3.98  corresponding 
to  uniform  distribution  of  the  stars,  but  it  falls  off  about  50 
per  cent  in  12  magnitudes. 

What  conclusions,  can  be  drawn  from  the  facts  given  by 
the  table?  It  is  certain  that  the  stars  cannot  be  uniformly 
distributed  to  indefinite  distances  unless  there  is  something 

■  Th«  numbera  in  the  first  of  this  table  disagree  with  thoae  in  TaMe  II 
bwau.-o  here,  in  ihn  first  line,  for  examfile.  the  number  i«  that  of  »l«rs  from 
magnitude  n.O  ta  0.0.  while  in  Table  II  the  correspouding  number  is  that  of 
stars  whose  roagnitudca  are  4.5  to  5.S. 
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which  prevents  their  light  from  coming  to  us.  If  there  were 
a  sufficient  number  of  dark  stars  and  planets,  the  light  from 
remote  luminous  stars  would  be  shut  off ;  but  the  numlter  of 
non-luminous  bodies  required  to  accoimt  for  the  black  sky 
would  be  millions  of  times  the  number  of  bright  ones.  In 
spite  of  the  fact  that  cprtaiu  variable  istars  (Art.  288)  jirove 
the  existence  of  relatively  dark  Ixidies,  and  that  analogy 
with  the  planets  would  lead  to  the  concluBion  that  there 
are  many  non-luminous  Iwdics  of  secondary  dimen.xiims, 
it  seems  extremel}^  improbable  that  they  are  sufficiently 
numerous  to  explain  the  observed  phenomena.  But  if  the 
obscui-e  matter  were  finely  di\n(led,  as  in  meteoric  dust,  a 
given  mass  of  it  would  be  a  much  more  effective  screen,' 
and  the  total  mass  requirements  would  not  be  so  severe. 
Finely  divided  material  would  not  only  absorb  light,  but  it 
would  scatter  the  blue  light  and  cau.se  dif'tant  stara  to  appear 
redder  than  nearer  stare  of  the  same  cliaracter. 

There  are  certain  phenomena  which  give  slight  support 
to  the  hypothesis  that  there  is  some  scattering  of  hglit  of 
this  nature,  but  they  are  not  conclusive.  One  of  them  is 
directly  related  to  the  question  in  hand.  Kajiteyn  found 
from  an  investigation  of  stars  down  to  the  fourteenth  magni- 
tude, part  of  the  data  being  furnished  by  the  visual  obser- 
vations of  Sir  John  Herschel,  that  the  number  of  stars  of 
the  fainter  magnitudes  is  much  greater  than  is  given  in  the 
table  of  Chapman  and  Melotte.  The  faintest  stars  used  in 
the  construction  nf  tlieir  table  are  obtainetl  from  the  Franklin- 
Adams  photographic  charts  uf  Greenwich.  Turner  has 
su^ested  that,  because  of  the  scattering  of  light,  the  remote 
faint  stars  may  be  deficient  in  the  blue  end  of  the  spectrum, 
to  which  photographic  plates  are  most  .sensitive,  and  conse- 
quently that  a  con.siderable  part  of  the  stare  belonging  visu- 
ally to  a  certain  magnitu<!e  belong  photograi»hically  to  a 
fainter  magnitude.     In  spite  of  these  po.s.sible  indications  of 

'  The  effertivetiL-ss  of  opaque  matter  of  given  total  masa  in  cuttins  oS 
light  is  inversely  proportional  to  the  rudiua  of  its  separate  parts. 
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scattered  particles,  it  seems  extremely  improbable  that  the 
fiilling  off  of  the  star  ratio  from  3.98  to  1.8  is  due  appreciably 
to  Ihis  cause. 

The  most  obvious,  though  not  necessary,  conclusion  which 
has  generally  been  drawn  frora  the  table  is  that  the  stars  are 
Umited  in  number  and  that  they  occupy  a  hmited  portion  of 
space.  In  the  first  seventeen  magnitudes  there  are  in  round 
numbers  55,()0O,O()()  stars.  Chapman  and  Melotte  derived 
a  simple  fonnula  wliich  representetl  the  numbers  closely 
for  these  magnituiles,  and  then,  under  the  assumption  that 
the  .same  foniuiia  holds  indefinitely  beyond,  they  deter- 
mined the  nijignitutle  fur  which  there  are  as  many  stars 
brighter  as  there  are  fainter,  and  computed  the  total  number 
of  stars  altogether.  By  this  process  they  eoncludetl  that  the 
median  magnitude  hes  between  22.5  and  24.3,  which  are 
several  magnitiules  beyond  the  reach  of  existing  instru- 
ments, and  that  the  number  of  stars  of  all  magnitudes  is 
between  77U,UOU,(DU  and  1 ,8W,t)00,000.  It  is  ob\aous  that 
such  an  extrapfjlation  is  hazardous,  and  they  did  not  lay 
any  particular  stress  on  the  results.  •  In  fact,  the  data 
given  by  the  observations  can  l)e  as  exactly  represented  by 
many  other  less  simple  formula  which  will  give  totally  dif- 
ferent results  for  the  fainter  magnitudes. 

There  is  an  even  simpler  hne  of  reasoning  which  has  led 
many  astrimomers  to  the  conclusion  that  the  material  uni- 
verse is  limited.  Since  the  stare  of  any  magnitude  are  2.512 
times  fainter  than  those  of  the  ne.\t  preceihng  magnitude, 
and,  under  the  hyjxjtheais  of  uniform  distribution,  3.98 
times  more  numerous,  it  folluvvs  that  if  the  star  density  did 
not  diminish  as  the  di.stanee  increa.ses,  the  stars  of  each 
magnitutie  would  give  us  3.98  4-  2.512  =1.58  times  as  much 
light  as  tho.se  of  t he  next  magnitude  brigliter.  Consequently, 
the  first  20  magnitudes  would  give  17,000  times  as  much  light 
as  the  first-magnitude  .stars,  the  first  100  magnitudes  would 
give  lfi8,O0O,n0O.(K)O,O()O,OnO,*)O0  times  !us  much  light,  and  so 
on.    If  there  were  no  hmit  to  the  number  of  magnitudes  and 
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no  absorbing  material,  there  would  be  no  limit,  except  for  the 
mutual  eclipsing  of  the  stars,  to  the  amount  of  Ught  received 
from  all  of  them.  The  sky  would  be  everj^vhere  ablaze 
with  tlie  average  Ijrightness  of  a  star,  perliaps  equal  to  that 
of  the  sun.  The  stars  in  one  hemisphere  would  give  us  more 
than  9U,(X)0  times  as  mucli  ligtit  :w  the  sun,  but  aelually 
the  sun  gives  us  1.5,t)O0,O00  times  im  much  light  iis  all  the  stare 
together.  Therefore,  unless  much  hght  is  absorbed,  the 
hypothesis  of  uniform  distribution  of  the  stars  to  infinity 
is  ra<Ucally  false. 

Is  it  necessary,  therefore,  to  concluile  that  the  number  of 
stars  is  limitetl  and  that  they  occu|)y  only  a  finite  part  of 
space?  By  no  means;  siniply  that  they  cauuot  be  dis- 
tributed with  approximate  unifonnity  throughout  infinite 
space.  It  wius  pointed  out  by  Lambert  long  ago  that,  ju.st 
as  the  solar  sy.stem  is  a  .single  unit  in  a  gala.\yof  .several  hun- 
dred iniiUon  stars,  so  the  Galaxy  may  Ix*  but  a  single  one  out 
of  an  enormous  number  of  gala.xies  sejiarated  by  distances 
wliich  are  very  great  in  cumpanson  witli  tlieii-  tlimensions, 
and  that  these  galaxies  may  form  larger  units,  or  super- 
galaxies,  and  so  on  without  Umit.  There  is  notfiing  in  such 
an  org.anizatiun  whicli  is  incon.si.stent  with  the  facts  estub- 
Ushed  by  observation,  for  it  is  possible  to  build  up  infinite 
systems  of  .stars  in  this  way  which  would  give  us  only  a 
finite  amount  of  light.  Hence  the  cunelu.sion  to  be  adopted 
is  that  the  sun  is  in  the  midst  of  an  aggregation  of  at  least 
several  hundred  millions  of  .stars  which  form  a  sort  of  .system, 
anil  that  beyond  and  far  distant  from  tiiis  system  there  may 
be  other  somewhat  simitar  systems  in  great  numbers,  which 
may  be  units  in  larger  systems,  anil  so  on  without  limit. 

It  is  conceivable  that  the  ether  is  not  infinitely  extensive, 
but  that  it  surrounds  the  stars  of  the  sidereal  system  (and 
other  stellar  sy.stems  if  there  are  such)  as  the  atmospheres 
surround  the  ]}lanets.  Light  could  not  come  to  us  from 
beyond  its  borders,  however  many  stars  might  exist  there, 
as  sound  cannot  come  to  the  earth  from  other  bodies  beyond 
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the  limits  of  its  atmosphere.  It  must,  be  understood  that  this 
is  merely  a  suggestion  entirely  without  any  observational  basis. 

270.  The  Apparent  Distribution  of  the  Stars.  —  The 
brighter  stai-s  are  quite  irregularly  distributed  over  the  sky, 
but  a  careful  examination  of  the  fainter  of  even  those  which 
ciiii  Ijf  .seen  wth  the  unaidetl  eye  shows  that  they  are  con- 
siderubly  more  numerous  in  and  near  the  Milky  Way  than 
elsewhere.  When  those  stars  which  can  be  seen  only  with 
the  help  of  a  teIpscoi>e  are  incluiled,  the  condensation  toward 
the  Milky  Way  is  still  more  pronounce*.!. 

Precise  numlxjra  for  all  the  stars  arc  known  only  to  the 
ninth  magnitude;  but  the  star  counts  of  the  Herschels,  and 
especially  the  work  of  Chapman  and  Melotte,  go  much 
further  and  ^ve  what  are  very  probably  appro.\imately 
correct  results  do\vn  to  the  seventeenth  magnitude.  Since 
the  stars  are  apparently  condensed  toward  the  Milky  Way, 
it  is  natural  to  u-se  its  plane  as  the  fundamental  plane  of 
reference.  According  to  E.  C.  Pickering  the  north  pole  of 
the  Galaxj'  is  in  right  ascension  190°  and  its  declination  is 
+  28".  The  Milky  Way  is  very  irregular  in  outline,  and  it 
is  difficult  to  locate  its  center ;  but  its  median  line  is  possibly 
not  quite  a  great  circle,  from  which  it  follows  that  the  sun 
is  somewhat  out  of  the  plane  near  which  the  stars  are  con- 
gregated. 

Let  the  center  of  the  Milky  Way  be  the  circle  from  wWch 
galactic  latitudes  arc  counted.  Chapman  and  Melotte 
divided  the  .sky  up  into  eight  zones,  the  first  including  the 
belt  of  galactic  latitude  0°  to  ±  10°,  the  second  the  two  belts 
from  ±  10"  to  ±  20°,  the  third  the  two  belts  from"  ±  20°  to 
±  30°,  the  fourth  from  ±  30°  to  ±  40°,  the  fifth  from  ±  40° 
to  ±  50°,  the  sixth  from  ±  50°  to  ±  00°.  the  seventh  from 
±  60°  to  ±  70°,  and  the  eighth  the  regions  from  ±  70°  to 
±  90°  around  the  galactic  poles.  With  the  belts  numbered 
in  this  order  they  found  for  the  average  number  of  stars  in 
each  magnitude  in  10  square  degrees  the  results  given  in 
Table  XV. 
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Table  XV 


Zowt 

I 

n 

III 

rv 

V 

VI 

VII 

vin 

Galactic 

Latitudi- 

OloilO* 

±10"  to 

±20*10 

■kxru, 

i'lO'to 

±80*  to 

iflCto 

iTCto 

iar 

iao* 

±40' 

±S0" 

iao" 

±70' 

±»o- 

i,Ua. 

Ito5 

0.27 

0.23 

0.1fi 

0.11 

0.11 

0.11 

0.13 

0,13 

6 

0.7 

0.7 

0.5 

0.4 

0.3 

0.3 

0.3 

0.3 

7 

2.0 

2.3 

1.8 

1.5 

1.2 

1.1 

1.1 

1.1 

8 

K.0 

7.0 

ai 

4.8 

3.8 

3.4 

3.2 

3.1 

9 

24 

21 

18 

14 

10 

10 

e 

8 

10 

62 

.55 

50 

38 

28 

26 

22 

20 

U 

1S7 

135 

123 

03 

63 

62 

62 

47 

12 

303 

311 

280 

100 

136 

141 

115 

100 

13 

79S 

nSN 

5ffll 

400 

276 

296 

240 

205 

14 

1.642 

1.354 

1,142 

770 

531 

572 

482 

392 

16 

3.263 

2.(i.'50 

2,0,»i0 

1.390 

940 

1,060 

916 

n3 

10 

6.iao 

4.!t3f. 

3,avo 

2.310 

1,680 

1.830 

1,630 

1,400 

17 

11,540 

9.170 

(j,350 

3.980 

2.870 

3.100 

2.090 

2,610 

Total 

24.000 

U»,.300 

t4,3tX) 

9,240 

6.640 

7.090 

6,460 

6,660 

Three  things  follow  from  tiiis  liiblp:  (a)  Stars  of  all 
magniturjp.s  down  ti>  the  spventocnth  are  morp  numfmus  in 
the  plane  of  the  Milky  Way  than  near  its  polos.  Since  the 
only  reasonable  supposition  is  that  the  nearer  stars  are  dis- 
tributed more  or  less  uniformly  with  no  speeial  relations  to 
the  Milky  Way,  it  follows  from  the  fact  the  bright  stars 
are  condensed  near  the  Milky  Way  that  some  of  them  are- 
very  distant.  That  is,  the  stars  differ  greatly  in  absolute 
luminosity,  a  conclusion  confirmed  by  direct  evidence. 
(6)  The  decrease  in  the  number  of  stars  is  on  the  average 
gradual  from  the  Milky  Way  to  its  poles,  showing  that  the 
sun  is  actually  in  the  midst  of  the  clouds  of  stars  on  which  the 
table  is  basetl.  (c)  The  relative  condensation  in  the  plane 
of  the  Milky  Way  is  greater,  the  fainter  the  stars.  This 
proves  that  the  stars  are  not  only  much  more  numerous 
near  the  plane  of  the  Milky  Way,  but  also  that  they  extend 
to  much  greater  distances  in  this  plane  than  in  the  direction 
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of  its  poles.  The  counts  of  stars  by  Kaptoyn,  l)ased  in  part 
on  the  visual  observations  of  Sir  John  Herschel,  give  still 
greater  relative  condensation  in  the  plane  of  the  Milky  Way, 
and  still  more  stronRly  confirm  this  eunelusicm. 

271.  The  Form  and  Structure  of  the  Milky  Way.  —  Before 
attempting  to  arrive  at  a  more  precise  conclusion  regarding 
the  distribution  of  the  stars  in  space,  it  is  desirable  to  ol)tain 
a  better  idea  of  the  form  and  properties  of  the  Milky  Way. 

As  has  been  slated,  tlie  center  of  the  Milky  Way  is  nearly 
a  great  circle  around  the  celestial  sphere.  Its  greatest 
northerlj-  declination  (45°  to  65°)  is  at  right  ascension  zero 
the  constellation  Ca.s.siopeia,  where  it  is  about  20°  wide, 
extends  from  this  ixiint  southeastwarcl  across  Perseus 
ith  very  irregular  outlines  (Map  1,  Art.  82),  and  narrows 
lown  where  it  crosses  the  l)oniers  of  Taurus  to  a  width 
"of  about  5°.  It  then  bulges  wider  in  Monoceros  and  across 
the  northeast  corner  of  Canis  Major.  Farther  south  in 
|Argo,  with  its  several  divisions,  it  l)ecomes  as  much  as  30° 
'Wide,  but  its  borders  are  irregular,  it  is  broken  through  by 
vacant  lanes,  one  of  which  in  its  center  is  calletl  the  "  coal 
sack,"  and  at  right  ascension  about  9  hours  and  tleehnation 
45°  south  a  dark  gaj)  streti-hes  almo.st  across  it.  After 
reaching  its  most  southerly  point  in  Cnix  it  stretches  out  in 
irregular  outline  through  ( 'enlaurus,  part  of  Musca,  Circinus, 
Norma,  and  then  north  again  into  Ara,  Lupus,  and  Scnrpius. 
In  Scorpius  and  in  Sagittarius  to  the  ea.st  are  some  of  the  most 
remarkable  star  clouds  in  the  heavens,  P'ig.  1(36.  Barnard's 
photographs  of  tliese  regions  show  countless  suns  massed 
in  banks,  with  intervening  dark  lanes,  the  whole  often 
enveloped  liy  a  soft  nebulous  haze  (see  Fig.  U)7).  North- 
east of  Scon>iuH  lie  Ophiuchus,  Serpens,  and  Aquila.  From 
Aquila  and  Ophiuchus  northward  through  Vulpeeula  and 
Cygnus  Ui  C'epheus,  the  Milky  Wiiy  is  diviiled  longitudinally 
by  a  rift  of  var>ing  width  and  forni.  Tliis  bifurcation,  which 
extends  through  more  than  50°  of  its  length,  is  one  of  its 
most  remarkable  features.     In  Cepheus  the  two  branches 
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join  and  reach  on  into  Cassiopeia,  where  the  description  of 
the  Milky  Way  began. 

It  is  obvious  that  the  stars  do  not  form  any  simple  system. 
It  seems  probable  that  the  Gaiax>'  is  composed  of  a  large 


FiQ.  167.  —  The  region  of  Rbo  Opbiuchi.     I'hotunraphed  by  Uamard. 

number  of  star  clouds,  each  with  peculiarities  of  its  own, 
but  having  relations  to  the  whule  ma.ss  of  stars.  Since  the 
Milky  Way  is  rouglily  in  the  fonn  of  a  great  discus,  or 
"  grindstone  "  as  Herschel  called  it,  the  prevailing  motions 
must  be  in  its  plane  in  order  to  have  preserved  its  shape. 
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This  does  not  mean  that  the  relative  velocities  would  need  to 
be  great  enough  to  be  easily  observed ;  they  would,  in  fact, 
be  very  slight  as  seen  from  the  enormous  distances  separating 
the  stars  from  the  earth. 

XX 11.   QUESTIONS 

1.  I^ove  that  the  magnitudes  of  stars  of  equal  absolute  bright- 
n«8s  are  proportional  to  ((in  ioEJirithms  of  th(»ir  distances. 

2.  Prove  that,  under  the  hypothesis  of  the  second  paragraph 
of  Art.  260,  the  ratio  of  the  number  of  stars  of  any  magnitude 
to  Ihe  number  of  the  next  magnitude  brighter  is  .3.98. 

3.  If  there  are  2(KW  stars  of  magnitude  .5  to  6,  and  if  the  ratio 
for  successive  magnitudes  were  3.98,  how  many  stars  would  there 
be  of  magnitude  Hi  to  177 

4.  Prove  that  the  elTeelivenesa  of  a  given  mass  in  screening 
off  light  is  inviTsely  proixjrtionnl  to  the  radius  of  the  particles  into 
which  it  is  divided. 

."».  Show  in  detail  how  it  follows  from  Table  XV  and  the  as- 
sumption under  (n)  that  some  of  the  bright  stars  are  very  distant. 
How  many  of  the  20  iirst-magnitude  stars  have  parallaxes  greater 
than  0".2  (see  Table  XVI)  ? 

0.  At  what  distance,  expressed  in  parsees  (.\rt.  272),  would  the 
sun  he  a  flrst-magnitudo  star?  .\  si.xth-magnitnrtp  star?  If  Canopus 
lias  a  parallax  of  0".(X).5,  how  do«>8  its  absolute  brightness  compare 
with  that  of  the  sun? 

7.  Prove  that  the  area  of  one  hemisphere  of  the  sky  is  92,0(X) 
times  the  apparent  area  uf  the  sun. 

5.  Prove  in  det-ail  that  conclusion  (6)  of  Art.  270  follows  from 
Table  XV. 

9.  At  what  time  of  the  year  does  the  portion  of  the  Milky  Way 
which  is  divided  by  a  longitiidiual  rift  pass  the  meridian  at  8  p.m.? 
If  [lossible,  observe  it. 

10.  Draw  a  diagram  and  show  that  the  fact  that  the  central 
line  of  the  Milky  Way  is  not  quite  a  great  circle  proves  that  the 
solar  system  is  not  in  the  center  of  the  disk  of  stars  of  which  the 
Milky  Way  is  composed. 

11.  The  fact  that  the  Milky  Way  is  very  oblate  implies  that  it 
has  large  moment  of  momentum  about  an  axis  perpendicular  to 
its  plane.  What  inference  do  you  draw  respecting  the  general 
motions  of  stars  in  exactly  opposite  parts  of  the  Milky  Way? 

12.  If  all  visible  objects  belong  to  the  Galaxy,  is  it  possible  to 
prove  the  rotation  of  the  Milky  Way  by  observations  of  the  stars? 
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13.  Whal  observational  e\'idence  disproves  the  hypothesis  that 
there  arc  infinitely  many  galaxies  distributed  with  approximate 
uniformity,  but  separated  from  one  another  by  distances  which 
are  enormous  compared  to  their  dimensions? 


II.   Distances  and  Motions  op  the  Stars 

272.   Direct  Parallaxes  of  the  Nearest  Stars.  —  One  of 

till'  proof.s  thtit  the  earth  revctlves  around  the  sun  is  that  the 
apptircnt  directions  of  the  nearest  stars  vary  with  the  posi- 
tion of  tlie  earth  in  its  orbit  (Art.  .51).  The  difference  in 
direction  of  a  star  a.s  .seen  from  two  points  separated  from 
eacli  other  by  the  mean  distance  from  the  eart.h  to  the  sun 
i.s  the  parallax  of  the  star:  or,  in  other  tprm.s,  the  parallax 
of  tlie  st-'ir  is  the  angle  subtended  by  the  mean  rachus  of  thg 
earth's  orbit  a.s  seen  from  the  star  (Fig.  35)!  If  the  paralla.\ 
were  one  second  of  arc,  the  di.stance  of  the  star  would  be 
200,2(35  times  '  the  mean  distance  from  the  earth  to  the  sun. 
This  distance,  which  is  a  very  convenient  unit  in  discussing 
the  distances  of  the  .stars,  is  callcf!  the  pnrsec,  and  for  most 
practical  puriKises  it  may  l>e  taken  equal  to  200,000  astro- 
nomical units,  or  20,0(Mt,(M»0,00(t,(H10  miles,  It  is  the  distancg 
that  li|^ht  trave}s  in  alwut  3.3  years. 

'  The  stars  are  so  remote  that  the  problem  of  measuring  their 
parallaxes  is  one  of  great  practical  difficulty.  Alpha  Cen- 
tauri,  the  nt^arest  known  star,  has  a  parallax  of  only  0".75. 
^—^  That  is,  its  difference  in  direction  as  seen  from  two  points  on 
^B  the  earth '.s  orbit,  separated  by  the  distance  from  the  earth 
W  to  the  stin,  is  the  .same  as  the  difference  in  direction  of  an 

I  I  object  at  the  distance  of  10.8  miles  when  seen  first  with  one 

I  I  eye  and  then  with  the  other.     Not  only  is  the  difference  in 

^H  the  apparent  position  of  a  star  very  small  as  seen  from  dif- 
^H  ferent  parts  of  the  earth's  orbit,  but  it  can  be  determined 
^H        onl}'  from  observations  separated  by  a  number  of  months 

k 


'  This  nuniti«T  in  the  ntunber  of  secondi!  in  the  arc  of  a  circle  which  equal* 
its  radius  in  Icneth. 


CH.  xm,  272)        THE    SIDEREAL   irNIVEKSE 


477 


during  which  climatic  conditions  and  the  instrumpnts  may 
have  appreciably  changed. 

The  best  direct  means  of  determining  the  parallax  of  a 
star  is  by  comparing,  at  various  times  of  the  year,  its  appar- 
ent position  with  (he  positions  of  more  distant  stars.  Let  S, 
Fig.  168,  represent  a  star  whose  parallax  is  required,  and  S' 
a  much  more  distant  star.  When  the  earth  is  at  E{  the 
angular  distance  between  them  is  Z  SEiS' ;  when  the  earth 
is  at  £s,  it  is  SE^S'.  The  parallax  of  .S  is  Z  E^SEi;  the 
parallax  of  .S'  is  EiS'E^^,  which  will  be  negligible  if  <S"  is  suffi- 
ciently remote.  It  easily  follows  from  the  geometry  of  the 
figure  that  the  parallax  of  S  minus  the  parallax  of  S'  equals 
the  difference  of  the  measured   angles  SEiS'  and  SEiS'. 


^'tin. 


Fio.  168.  —  Detemiinntion  of  iiumUnx  from  apparent  chanKC."<  in  rplntive 
positional  of  htnrs. 

Hence,  if  the  parallax  of  S'  is  inappreciable,  the  parallax  of 
<S  can  be  found. 

In  practice  the  position  of  S  is  nieasuretl  with  respect  to 
a  numl)er  of  compariscm  stars.  Al  present  the  work  is  tlone 
almost  entirely  by  photography.  Phites  of  a  star  and  the 
surrouufling  region  are  secured  at  different  times  of  the  year, 
and  the  distances  between  the  stara  are  measured  under  a 
microscttpe  on  a  machine  designed  for  the  purpose.  The 
scale  of  the  photograph  is  proportional  to  the  focal  length 
of  the  telescope,  and  consequently  for  this  ptupose  oidy 
large  and  excellent  instrument.s  are  of  value. 

With  present  means  of  measurement,  a  parallax  of  0".02 
or  less  cannot  be  determined  with  .sufficient  ac<'uracy  to  be 
of  much  value ;  in  fact,  the  probable  error  in  one  of  0".0.5 
is  large.    The  great  distances  of  the  stars  can  be  inferred 
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from  the  fact  that  only  about  100  are  known  whose  paraOaxBB 
come  within  the  wider  of  these  limits. 

The  distances  of  stars  whose  paraUaxes  are  ^.2  w  greater 
can  be  measured  with  an  error  not  exceeding  about  25  per 
cent  of  the  quantity  to  be  determined.  There  are  at  present 
19  such  stars  known,  9  of  which  are  too  faint  to  be  seen  with- 
out optical  aid.  These  stars  are  given  in  Table  XVI.  When 
the  distance  of  a  star  of  known  magnitude  has  been  deter- 
mined, the  total  amoimt  of  light  it  radiates,  or  its  luminosity, 
as  compared  with  the  sun  can  be  computed.  The  luminosity 
of  each  of  the  nineteen  stars  is  given  in  the  fifth  column. 

Table  XVI 


Stak 

Mao- 

Paral- 

Distance 

LuuiNOfliTT     Mam 

Velocitt 

NITUDE 

lax 

(Parseco) 

(SUN  =  1) 

(SUM-1) 

1.9 

(Mi.  per  Sec.) 

a  Centauri    .     . 

0.3 

0.76 

1.32 

2.0 

20 

T,n1ande  21,185  . 

7.6 

0.40 

2.60 

0.009 

T 

35+ 

Sinus   .... 

-1.6 

0.38 

2.63 

48.0 

3!4 

11 

T  Ceti  .     .     .     . 

3.6 

0.33 

3.00 

0.60 

20 

Procyon    .     .     . 

0.6 

0.32 

3.13 

9.7 

1.3 

12 

0.7.5*243  .     . 

8.3 

0.32 

3.13 

0.007 

170 

€  Eridani  .     .     . 

3.3 

0.31 

3.23 

0.79 

14 

61  Cygni  .     .     . 

6.6 

0.31 

3.23 

0.10 

63 

Lacaille  9352     , 

7.4 

0.29 

3.45 

0.019 

72 

Pos.  Med.  2164 . 

8.8 

0.29 

3.45 

0.006 

23+ 

c  Indi  .... 

-4.7 

0.28 

3.57 

0.26 

54 

Groombridge  34 

8.2 

0.28 

3.67 

0.010 

30+ 

OA(N.)  17,415  . 

9.3 

0.27 

3.70 

0.004 

14+ 

Krueger  60    .     . 

9.2 

0.26 

3.85 

0.005 

11+ 

Altair  .... 

0.9 

0.24 

4.17 

12.3 

22 

1)  Cas-tiopcue 

3.6 

0.20 

5.00 

1.4 

1.0 

20 

r  Draconis    .     . 

4.8 

0.20 

6.00 

0.5 

30 

Lalande  21.258  . 

8.9 

0.20 

6.00 

0.011 

66+ 

OA(N.)  11,677  . 

9.2 

0.20 

6.00 

0.008 

45+ 

The  19  stars  of  Table  XVI  together  with  our  sun  occupy  a 
sphere  whose  radius  is  5  parsecs.  If  they  were  uniformly 
distributed  in  this  space,  the  distance  between  adjacent 
stars  would  be  about  3.7  parsecs,  or  12.2  light  years.  In 
view  of  the  fact  that  a  number  of  stars  in  the  list  are  far 
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below  the  limits  of  visibility  without  optical  aid,  it  is  reason- 
able to  suppose  that  there  may  be  a  consirlerable  nvimber  of 
others  within  5  parsecs  of  the  sun  which  are  as  yet  undis- 
covered. 

It  should  not  be  supposed  that  attempts  have  been  made 
to  measure  the  parallaxes  of  all  stars  brighter  than  the 
ninth,  or  even  the  sixth,  niapiitude.  The  process  is  exces- 
sively laborious,  and  only  1  hose  stiu's  are  selected  whicii  are 
believed  to  be  within  measurable  distance,  or  which  are 
objects  of  especial  interest  for  other  reasons.  .\  star  with  a 
given  motion  across  the  line  of  sight  will  apparently  move 
faster  the  nearer  it  is  to  the  observer.  Consequently, 
those  stars  will  be  nearest  <iii  the  average  whose  proper 
motions,  as  they  arc  called,  are  p^vatcst.  As  a  rule  only  those 
stars  are  examined  fur  jmrallax  which  have  been  found  to 
have  large  proper  motions. 

Under  the  hvpntlieses  that  the  stars  are  uniformly  di.s- 
tributed  throughout  the  space  occupied  by  the  Galaxy  and 
that  their  density  is  the  same  as  it  is  in  the  vicinity  of  the 
sun,  the  extent  of  the  .stellar  universe  can  be  computed. 
Suppose  the  space  occupied  by  the  stars  is  spherical  in  shape 
and  that  there  are  r)U().()O0,()0O  of  them.  Then  it  turns  out 
that,  under  the  hypotheses  adopted,  the  radius  of  this  sphere 
is  l.^Olt  pursecs,  or  'MM  light-years.  Since  the  Galaxy  is  very 
much  (lattened,  the  dislunce  to  its  poles  is  probably  only  a 
few  hundred  parsecs  while  the  Ijorders  of  its  peripherj'  are 
proljably  .'^evenil  thousand  jiansecs  from  its  center. 

One  very  interesting  and  important  conclu.sion  follows  from 
Table  XVI,  ami  that  is  that  th"  Uiminosities  of  the  stars 
vary  enormously.  For  example,  Sirius  radiates  12,000 
times  as  much  light  as  OA(N.)  17,415.  These  differences  in 
luminosity  may  be  due  to  the  fact  that  some  stars  are  larger 
than  others,  or  at  least  jiartly  to  the  fact  that  some  are 
intrinsically  more  brilliant  than  others.  Probably  both 
factors  arc  important.  Some  stars  are  certainly  much  more 
massive  than  others,  and  the  table  gives  examples  of  stars 
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whose  masses  differ  very  much  less  than  their  luminosities. 
For  example,  while  the  mass  of  Sirius  is  only  3.4  times  that 
of  the  sun,  its  luminosity  is  48  times  as  great.  But  Sirius  is  a 
double  star  and  presents  in  its  own  system  a  still  more 
remarkable  contrast.  The  mass  of  the  brighter  component 
is  approximately  twice  that  of  the  fainter  one,  but  in  lumi- 
nosity it  is  at  least  5000  times  greater.  There  are  other  stars, 
such  as  Rigel  and  Canopus,  which,  though  they  are  so  remote 
that  no  evidence  of  their  having  measurable  parallaxes  has 
been  found,  shine  with  the  greatest  brilliancy.  Tlieir  lumi- 
nosity must  be  at  least  several  thousand  times  that  of  the  sun. 
In  fact,  tlie  average  luminosity  of  the  stars  visible  to  the 
unaided  eye  ])robably  exceeds  that  of  the  sun  several  hun- 
dred fold.  It  nmst  not  be  assumed  from  this  that  the 
luminosity  of  the  sun  is  below  the  average,  for  it  is  exceeded 
in  luininufiity  by  only  five  of  the  19  stars  in  the  table. 

In  order  to  detennine  the  velocity  of  a  star  its  motion  both 
along  aiul  across  the  line  of  sight  must  be  found.  The  proper 
motions  of  all  the  stars  in  Table  XVI  are  known,  but  the 
radial  velocities  of  six  of  them  are  unknown;  in  these  cases 
a  plus  sign  is  placed  aftci'  the  number  giving  the  velocity 
because  the  radial  componeril  is  not  known.  It  follows  from 
the  table  that  the  less  luminous  stars  move  with  much 
higher  velocities  than  the  brighter  ones.  The  average  speed 
of  tho.sc  five  stars  whose  luminosities  exceed  the  sun  is  17 
miles  per  second,  while  the  average  speed  of  the  six  whose 
luminosities  are  less  than  0.01  that  of  the  .sun  is  more  than 
50  miles  per  second.  Since  the  more  luminous  stars  are 
ahiiost  certainly  the  more  massive,  it  follows  that  the  more 
massive  stars  move  more  slowly  than  the  smaller  ones. 

One  may  iii<iuin>  Jo  what  extent  reliance  <'an  be  put  in 
conclusions  ba.sed  on  only  19  stars.  When  compared  to 
hundreds  of  millions  the  number  is  ridiculously  small,  but  all 
the  condu.sions  which  have  been  stated  are  strongly  supported 
by  the  evidence  furnished  by  the  much  more  numerous  stais 
having  smaller  and  less  accurately  determined  parallaxes. 
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273.  Distances  of  the  Stars  from  Proper  Motions  and 
Radial  Velocities.  —  Thr  parallaxes  of  possibly  100  stans  have 
been  tlrterrnincd  l)y  diroct  nican.s  with  considorablc  arcuracy. 
Probably  not  over  1000  are  within  rwich  of  present  instrii- 
ment.s  and  methods.  Are  a-strononiers  doomed  to  remain 
in  ignorance  a.«  to  the  di.stances  of  all  the  other  stars  which 
fill  the  sky?  Bj'  no  means.  There  are  several  indirect 
methods  of  finding  the  average  distances  of  classes  of  stars. 

Con.sider  all  the  stars  of  a  large  class,  say  the  stars  of  the 
sixth  magnitude.  .Siippo.se  they  are  moving  at  random; 
that  is,  that  they  do  not  tend  to  move  in  any  particular 
diniction,  or  witli  any  ]>articiilar  speed.  Suppose  both  tlirir 
proper  motions  and  their  radial  velocities  have  been  deter- 
mined by  observation.  Under  these  hypotheses  as  many 
stars  will  be  approaching  as  re<!efling,  and  th<'  velocitie.*?  of 
approach  will  aver.age  the  same  lis  those  of  rece.s.sion.  Also, 
the  proper  motions  will  be  as  numerous  and  !«  large  in  one 
direction  Jis  in  the  opposite.  The  extent  to  wliicli  these 
conditions  are  fulfilled  is  a  measure  of  the  accuracy  of  the 
assumptions. 

Whatever  the  individual  motions  of  the  da-ss  of  stars 
under  consideration,  (hey  will  have  an  average  speed  of  mo- 
tion which  may  be  represented  liy  V.  The  average  compo- 
nent of  motion  towartl  or  from  the  observer  will  be  ^  1',  as  can 
be  shown  by  a  mathematical  tiiscu.ssion.  This  is  the  aver- 
age radial  velocity  as  determined  by  the  spectroscope,  and 
is  therefore  known.  The  average  component  at  right  angles 
to  the  line  of  sight  is  found  by  a  mathematical  discu.s.sion 
to  be  0.7854  V.  This  quantity  is  therefore  also  known 
because  V  has  been  given  by  spectroscopic  ob.servatioi)s. 

Now  consider  the  proper  motions.  They  are  expressed 
in  angle,  and  they  depend  upon  the  distances  of  the  stars 
and  the  speed  with  which  they  move  across  the  line  of  sight. 
Since  both  the  linear  speed  acro.ss  the  line  of  sight  and  the 
angular  velocity,  or  proper  motion,  have  been  found,  the 
distances  of  the  stars  can  be  computed. 
2i 
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The  hypotheses  on  which  this  discussion  has  been  made 
are  not  exactly  fulfilled,  and  the  necessary  modifications  of 
the  proposed  nii-thod  must  now  he  considered. 

274.  Motion  of  the  Sun  with  Respect  to  the  Stars.  —  Since 
the  stars  are  in  motion,  it  is  reasonable  to  suppose  that 
the  sun  i.s  moving  among  thrm.  Such  was  found  to  be 
the  case  by  Sir  Williani  Hcrschcl  more  than  a  century  ago. 
He  proved  by  observations  extending  over  many  years  that 
the  apparent  distances  between  the  stars  in  the  direc- 
tion of  the  constellation  Hercules  are  increasing,  on  the 
average,  and  that  they  are  decreasing  in  the  exactly  opjxtsite 
part  of  the  sky.  He  interpreted  this  as  meaning  that 
the  sun  is  moving  toward  the  constellation  Hercules,  and 
it  is  obvious  that  this  would  explain  the  obser^'ed  phe- 
nomena; for,  as  objects  are  apjjroached,  they  subtend 
larger  angles.  While  Herschel's  observations  gave  the 
direction  of  motion  of  the  sun,  they  did  not  give  its 
speed,  which  couhi  be  found  by  this  method  only  if  the 
distances  of  the  stars  were  known.  Since  the  distances  of 
only  a  few  stars  can  be  measured  directly,  there  is  little  hope 
of  detennining  the  motion  of  the  sun  in  this  way  with  any 
considerable  degree  of  accuracy. 

The  spectroscoix"  has  been  used  to  determine  both  the 
direction  of  the  sun's  motion  and  also  the  rate  at  which  it 
moves.  Instead  of  finding  as  many  stars  approaching  as 
receding  in  every  part  of  the  sky,  as  was  assmned  in  the  dis- 
cussion in  Art.  273,  it  has  been  found  that  the  stars  in  the 
direction  of  the  constellation  Hercules  on  the  whole  are 
relatively  approaching  the  s\m,  while  those  in  the  opposite 
direction  are  relatively  receding.  This  means  that  with 
respect  to  the  stars  which  were  observed  the  sun  is  mo\ing 
toward  Hercules. 

The  best  determination  of  the  direction  of  the  sun's  motion 
from  proper  motions  of  the  stars  is  by  Lewis  Boss,  who  based 
his  discussion  on  the  6188  stars  in  his  catalogue.  The  best 
spectroscopic  determination  is  by  W.  W.  Campbell,  who 
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based  his  discussion  on  the  radial  velocities  of  1193  stars 
measured  at  the  Lick  Observatory  and  its  branch  in  South 
America.    The  results  of  these  determinations  are  as  follows : 


Right 
Abcinnon 

Decukation 

Spxho 

Solar  Apex  (Boas)     .     . 
Solar  Apex  (Campbell) . 

270°.6±  1°.5 
268°.6  ±  2°.0 

+  34°.3  ±  1'.3 

+  25°.3il''.8 

T 
12  mi.  per  see. 

» 


The  agreement  of  these  results  in  right  ascension  is  remark- 
able, and  the  disagreement  in  declination  is  small  consider- 
inj;  the  difference  in  the  iiU'11)o<ls  iind  the  stars  used. 

The  number  of  stars  used  liy  Boss  in  his  detenuination  of 
the  direction  of  the  motion  of  the  sun  is  so  groat  that  he  could 
divide  them  up  into  sefjuratr'  groups  and  make  the  discussion 
for  each  one  separately.  He  took  the  stars  of  various  galac- 
tic latitudes  and  obtained  essentially  the  same  result  for 
each  group.  Dyson  and  Thackeray  found  from  another  {the 
Groombridge)  U.st  of  3707  stars  that  the  declination  of  the 
apex  of  the  sun's  way  increases  from  +  16°  for  the  brightest 
stars  to  +  43°  fnr  those  from  magnitude  S.O  to  8.9.  This 
was  confirmed  liy  Cotnstock,  who  found  even  a  greater  decli- 
nation for  the  apex  of  the  sun's  way  as  determined  from  still 
fainter  stars,  but  the  result  must  be  acce]>ted  with  reserve 
until  it  is  confirmeil  by  a  discussion  depending  on  a  much 
larger  and  lx*(ter  dist ributed  list  of  stars.  The  spectra  of  the 
stars  are  divided  into  a  number  of  classes  (.-Vrt.  295),  and  it 
was  found  both  by  Boss  and  by  Dyson  and  Thackeray  that 
the  declination  of  the  apex  of  the  sun's  way  is  about  12" 
greater  when  determined  from  stars  of  Secchi's  second  type 
than  it  is  when  deteniuneii  from  stars  of  the  first  type.  But 
the  results  altogether  indicate  that  the  sun  is  moving,  rela- 
tively to  the  few  tliousand  brightest  stars,  toward  a  point 
whose  right  ascension  is  about  270°  and  whose  declination  is 
about  34°,  and  that  the  speed  of  relative  motion  is  about  12 
miles  per  second. 
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The  motion  of  the  sun  with  respect  to  the  stars  evidently 
requires  some  modification  of  the  process  described  in  Art. 
273.  There  is,  however,  no  real  difficulty,  because  the  effect 
of  the  sun's  motion  can  be  avoided  by  considering  only  those 
components  of  the  proper  motions  of  the  stars  which  are  at 
right  aiiRlcR  to  the  line  of  the  sun's  way. 

Campbell  made  a  defermination  of  the  mean  parallaxes  of 
the  stars  down  to  magnitude  5.5  by  the  method  of  this 
article.  The  brighter  stars  were  not  sufficiently  numerous  to 
give  ver>'  reliable  results.  He  found  tliat  the  mean  parallax 
of  stars  of  magnitudes  4.51  to  5.50  isO".0125,  corresponding 
to  a  distance  of  SO  parsees.  This  volume  is  4096  times 
that  occujjied  by  the  20  nearest  stars,  and  if  the  stars  were 
unifonnly  ilistriliuted  thnnighout  it,  the  total  number  of 
them  ilown  to  magnitude  5. .50  would  be  81,920,  which  is 
much  in  excess  of  the  number  actually  observe*]. 

27B.  Distances  of  the  Stars  from  the  Motion  of  the  Sun.  — 
The  ]Jaral]axes  of  oidy  a  comparatively  small  numljer  of  stars 
can  be  measured  directly  because  their  distances  are  so  enor- 
mously great  compared  to  the  tlianieter  of  the  earth's  orbit. 
If  the  orbit  of  the  earth  were  as  large  as  that  of  Neptune,  the 
problem  would  be  nuich  easier  I)ecause  of  the  larger  base  line 
which  could  be  uat-il.  But  the  sun's  motion  can  be  made  to 
afford  an  indefinitely  large  base  line  in  statistical  discussions, 
as  will  now  be  shown. 

Suppose  first  that  all  of  the  stars  of  the  observ'able  sidereal 
universe  except  the  sun  are  relatively  at  rest.  The  motion 
of  the  sun  among  them  will  give  them  an  apparent  displace- 
ment, or  proper  motion,  in  the  liirection  opposite  to  that  in 
which  it  is  moving.  The  farther  a  star  is  away  the  smaller 
this  proper  motion  will  be.  If  a  star  Ls  so  far  away  that  no 
displacement  due  to  the  sun's  motion  can  be  observed  m  one 
year,  then  10  years,  100  years,  or  any  other  necessarj'  num- 
ber of  years  may  be  used.  EvenUially  the  effect  of  the  sun's 
motion  will  be  observable.  Since  the  sun  travels  about  4 
astronomical  units  per  year,  it  follows  that  the  parallax  of  a 
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star  is  one  fourth  of  that  part  of  its  annual  proper  motion 
which  is  due  to  the  motion  of  the  sun. 

The  false  hypothesis  that  all  the  stars  except  the  sun  are 
relatively  at  rest  ha-s  greatly  siniplifietl  the  problem.  As  a 
matter  of  fact,  the  stars  are  moving  with  respect  to  one  an- 
other in  various  directions  and  with  various  speeds,  and  the 
proper  motion  of  a  star  is  due  both  to  its  own  motion  and  also 
to  the  motion  of  the  sun  with  respect  to  the  system.  Since 
the  actual  motion  of  any  particular  star  is  in  general  un- 
known, it  is  nece.s.sary  to  take  the  average  motions  of  many, 
and  then  the  results  will  be  consistent,  for  the  motion  of  the 
sun  is  defined  with  respect  to  the  many.  For  any  class  of 
stars  the  average  proi^er  motion  }^)erpeudicular  to  the  direc- 
tion of  the  sun's  motion  will  be  zero,  while  the  average  proper 
motion  in  the  direction  of  the  sun's  motion  will  depend  only 
on  their  distance  and  the  s|)eed  of  the  sun. 

This  statistical  study  of  the  stars  was  taken  up  about  20 
years  ago  by  Kaptcyn,  of  fJroningcn,  who  pursued  it  with 
rare  skill  and  great  industry.  A  number  of  other  astronomers 
have  also  made  imjKirtatit  conti  ibutions  to  the  subject.  It 
is  interesting  to  note  the  different  kinds  of  work  which  con- 
tribute to  the  final  results.  In  the  firat  place,  the  proper 
motions  of  the  stars  are  involved.  They  are  obtained  from 
two  or  more  determinations  of  apparent  position  separated 
by  consitlerable  intervals.  In  fact,  the  longer  the  intcr\-als 
the  more  accurately  are  the  proper  motions  determine*!.  In 
the  second  place,  the  spectroscope  is  of  fumlamental  impor- 
tance because  it  furnishes  the  motion  of  the  sun  with  respect 
to  the  stars.  Since  certain  clas.scs  of  stara  may  be  moving  as 
a  whole  with  respect  to  other  cla.sses  (Art.  278),  it  follows  that 
the  spectroscopic  fletermination  of  the  motion  of  the  sun 
should  depend  uprjn  all  those  stars  whose  distances  are 
sought  from  their  proper  motions.  At  present  the  radial 
velocities  of  stars  fainter  than  the  sixth  magnitude  can  be 
obtainerl  only  by  costly  long  exposures,  and  the  practical 
limits  do  not  reach  beyond  the  eighth  magnitude.    On  the 
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other  hand,  the  determination  of  the  proper  motions  of  stars 
many  niagnitudcs  fainter  offcM's  no  observational  iliffipulties. 

276.  Kapteyn's  Results  Regarding  the  Distances  of  the 
Stars.  —  As  will  Ije  seen  in  Ait.  295,  most  of  the  stars  are  of 
two  principal  spectral  types.  Type  I,  of  whidi  Sirius  and 
Vega  are  conspicuous  examples,  are  white  or  bluish  white. 
Their  spectra  are  eliaraeterizeti  by  absorption  lines  due  to 
hydrogen  in  th(>ir  atmospheres.  They  are  intensely  hot  and 
pr<jbably  always  of  large  n»ass.  Type  II  are  the  j'ellowish 
stars,  of  which  the  sun,  Capi^Ua,  and  Arcturus  are  examples. 
The  atmospheres  of  these  stars  contain  many  metals. 

Kapteyn  derived  formulse  giving  the  mean  parallaxes  of 
all  stars  of  each  magnitude,  and  also  the  mean  distances  of 
stars  of  each  .spectral  type  separately.  Table  XVII  gives 
Kapteyn's  results  transformed  from  parallax  to  parsecs  and 
using  Campbell's  more  recent  determination  of  the  rate  of 
motion  of  the  sun. 

Table  XVII 

Distances  in  Parsecs' 


MAoaiTOoa 

Au.  Staib 

SpccnuL 

TVfl!  I 

Trw  II 

1 

24.2 

39.4 

16.8 

2 

31.0 

50.5 

21.6 

3 

39.7 

64.7 

27.6 

4 

50.9 

82.9 

35.4 

5 

66.3 

100.3 

45.4 

6 

83.7 

1.30.3 

58.2 

7 

107.3 

174.7 

74.7 

8 

137.rj 

224.0 

95.7 

9 

170.3 

2JS7.2 

122.7 

10 

220.1 

308.3 

157.4 

11 

289.8 

472.1 

201.7 

12 

371.6 

605.3 

^->8.6 

13 

476.4 

776.0 

331.6 

14 

610.8 

994.9 

425.2 

1.5 

783.0 

1275.5 

545.0 

'  One  parscc  equals  300,000  astronomical  units,  or  in   round  DUmlMn  ] 
20,00«,000.000,tHX)  miles. 
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It  must  be  remembered  that  Table  XVII  gives  mean  results 
derived  from  the  proper  motions  and  radial  velocities  of 
many  stars.  The  results  may  be  in  error  for  the  first  few 
magnitudes  because  there  are  not  enough  bright  stars  to 
make  the  statistical  method  reliable.  They  may  also  be  in 
error  for  the  fainter  stars  Ijecause  these  stars  were  not  used  in 
deriving  the  formula}  bj'  which  the  computations  were  made. 

If  the  table  is  (>orrect,  the  sun  is  far  below  the  average  of 
the  stars  in  brilliancy.  According  to  the  measures  of  Wol- 
laston,  Bond,  and  ZoUner  its  magnitude  on  the  stellar  basis 
is  -  26.7,  or  it  gives  us  120,Oi)0,0(X),000  times  as  much  light 
as  a  first-magnitude  star.  Since  the  light  received  from 
a  botly  varies  inversely  as  the  square  of  its  distance,  at  the 
mean  distance  of  the  firet-niagnitude  stars  the  sun  would 
send  us  only  0.005  as  much  lin;ht  as  comes  from  a  first-magni- 
tude star.  That  is,  the  first-magnitude  stars  average  about 
2tKJ  times  as  brilliant  as  the  sun.  It  must  not  be  concluded 
from  thi.s  that  the  stars  of  all  niagiiitudes  average  so  much 
more  brilliant  than  the  sun,  for  those  of  the  first  magnitude 
are  a  group  .selected  because  of  their  gi-eat  brilliancy. 

277.  Distances  of  Moving  Groups  of  Stars.  —  If  the  two 
components  of  a  douljle  star  are  found  to  be  moving  in  the 
same  direction  and  with  the  same  apparent  speed,  the  con- 
clusion to  be  drawn  is  that  they  are  relatively  close  together 
in  space  and  that  they  are  physically  connected  ;  for,  if  they 
were  simply  in  the  same  direction  from  the  earth  without 
l>eing  relateti,  their  ajiparent  motions  would  almost  certainly 
ditTer  cither  ui  spi*d  or  direction.  While  the  conclusion 
might  be  erroneous  in  the  case  of  only  two  stars,  it  could 
hardly  fail  to  be  true  if  many  stars  were  involved. 

The  study  of  the  proper  motions  of  the  stars  has  shown 
that  there  are  several  groups  which  have  sensibly  identical 
proper  motions ;  or  rather,  as  the  result  of  perspective, 
there  are  many  stars  which  apparently  move  with  the  same 
speed  toward  a  common  point  in  the  sky.  These  groups 
are  widely  scattered  and  many  of  their  members  would  not 
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be  suspected  of  being  associated  with  the  others  except  for 
the  equality  of  their  motions.  For  example,  Sinus  belongs 
to  a  group  which  includes  five  of  the  stars  in  the  Big  Dipper. 
The  best-known  gruuj)  of  stars  of  the  type  under  considera- 
tion comprises  part  of  the  Hyades  cluster,  in  the  constellation 
Taurus,  and  some  neighboring  stars  scattered  over  an  area 
about  15°  in  diameter.  This  group,  which  includes  39  known 
stars,  was  exhaustively  discussed  by  Lewis  •Boss.  The  stars, 
in  their  proper  motions,  all  seem  to  move  along  the  arcs 
of  great  circles.      Boss  found  that  the  great  circles  of  all 

the  stars  of  the 

Taurus      stream 

intersect     in      a 

S  4^^  '  t<  /^  common       point 

whose  right  as- 
cension and  dec- 
lination are,  for 
the  position  of  the 
equinox  in  1875, 
6  h.  7.2  m.  and  + 
6'  56'.  It  can  be 
/  shown  that    this 

O  ^  P  means   that   the 

FiQ.  169.  — Components  of  motion  in  moving  groups    stars  of  the  group 
of  Htars. 

are     moving    in 

lines  parallel  to  the  line  from  the  observer  to  the  jwint  of 
intersection  of  the  circles.  That  is,  their  direction  of  motion 
is  defined  in  this  way,  and  since  the  stars  cover  a  consider- 
able area  in  the  sky  the  point  toward  wliich  they  are  moving 
is  very  well  determined. 

It  will  now  be  shoivn  that  if,  in  addition  to  the  data  already 
in  hand,  the  radial  velocity  of  one  of  the  stars  of  the  group 
can  be  obtained,  then  the  actual  motions,  the  distances,  and 
the  luminosities  of  all  of  them  can  be  deteniiined.  Let  0, 
Fig.  169,  be  the  position  of  the  observer  and  OP  the  direction 
of  motion  of  the  stars  of  the  group.     Let  &  be  one  of  the 
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stars  which  is  moving  in  the  known  direction  SA  with  an 
unknown  speed.  Suppose  the  component  SB  is  meaeured 
by  the  spectroscope.  Then,  since  the  angle  ASB,  which 
equals  the  angle  POS,  is  known,  the  whole  component  SA 
and  the  proper-motion  component  SC  can  be  computed. 
That  is,  the  actual  distance  SC  is  found  and  the  proper 
motion  to  which  it  gives  rise  was  already  known.  There- 
fore the  distance  OS  can  be  computed.  Since  all  the  stars 
of  the  group  must  have  the  same  total  motion  iS^4,  for  other- 
wise they  would  not  remain  long  a.ssociatcd,  the  distances  of 
all  the  members  can  be  determined  from  their  respective 
proper  motions.  Of  course,  it  is  practically  advantageous  to 
measure  the  radial  velocities  of  many,  or  all,  of  the  members 
of  the  group.  When  the  distance  of  a  star  of  known  magni- 
tude has  been  found,  its  absolute  luminosity  can  be  com- 
putefl. 

By  these  methods  Boss  found  that  the  Taurus  group  is  a 
globular  cluster  whose  center  is  distant  about  40  parsecs 
from  the  eurth.  Since  its  apparent  diameter  is  about  15°, 
its  actual  diameter  is  about  10  parsecs.  There  is  a  slight  con- 
densation toward  the  center  of  the  clu.stcr,  but  in  the  group 
as  a  whole  the  star  density  is  only  a  little  greater  than  it  is 
in  the  vicinity  of  the  sun.  The  distances  between  the  stars 
of  the  group  are  so  great  that  foreign  stars  could  pa.ss  through 
it  without  ha\nng  their  motions  appreciablj'  disturbed.  In 
fact,  in  the  motion  of  the  cluster  it  certainly  sweeps  past 
other  stai-s  and  there  are  prfflnibly  several  strangers  now 
witliin  its  borders.  Boss  found  that  SOfl.OOO  years  ago  the 
cluster  was  half  its  present  distance  and  its  apparent  size  was 
twice  that  at  present.  In  65, 00(1,000  years  it  will  have 
receded  until  it  will  appear  from  the  earth  to  be  a  compact 
group  one  third  of  a  degree  in  diameter,  made  up  of  stars  of 
the  ninlh  magnitude  and  fainter. 

All  the  39  stars  of  the  Taurus  cluster  are  much  greater  in 
light-giving  power  than  the  sim.  The  luminosities  of  even 
the  five  smallest  are  from  five  to  ten  times  that  of  the  sun, 
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while  the  largest  are  100  times  greater  in  light-giving  power 
than  our  own  luminary.  Their  masses  are  probably  much 
greater  than  that  of  the  sun. 

The  Ursa  Major  group  of  13  stars  is  another  wonderful 
systejn.  It  is  in  the  form  of  a  disk  whose  thickness  is  otdy 
4  or  5  parsers  while  its  diameter  is  r>0  parsecs.  The  dis- 
tances of  the  memliers  of  this  group  from  the  sun  varj'  from 
2.6  parsecs,  in  the  case  of  Sirius,  to  22  parsecs  for  the  stars  of 
the  Big  Dipper,  and  over  40  pansecs  in  the  ca.se  of  Beta 
AurigEe.  The  lumino-sities  of  the  stars  vary  from  7  to  more 
than  400  times  that  of  the  sim. 

There  is  another  fairly  we!l-t'stablislied  group  in  Perseus 
whic-h  was  discovered  almost  simultaneously  by  Kapteyn, 
Benjamin  Boss,  and  Edciington.  There  are  several  other 
probahle  groups  in  whifh  the  propt>r  motions  are  so  small 
that  the  results  have  not  been  established  beyond  all  ques- 
tion. In  a  universe  of  many  stars  it  is  inevitable  that  there 
should  be  many  accidental  parallelisms  and  equalities  of 
motion.  Stars  are  at  pre.sont  regarfled  as  forming  a  related 
group  onlj'  if  there  is  something  quite  distinctive  about  thdr 
pi>sitions  or  motions. 

278.  Star-Streams.  —  In  1904  Kapteyn  announced  a  very 
important  discover}'  respecting  the  motions  of  the  stare. 
He  founfl  that,  instead  of  moving  at  random,  most  of  the 
stars  belong  to  two  great  streams  haxing  well-tlefineil  direc- 
tions of  motion.  Stars  in  all  parts  of  the  sky,  of  all  magni- 
tudes so  far  as  the  proper  motions  are  known,  and  of  all 
spectral  t.vpes,  partake  of  these  motions.  The  phenomena 
do  not  seem  to  be  local,  so  to  speak,  as  was  true  in  case  of 
the  groups  considered  in  Art.  277.  Yet  it  would  be  going| 
too  far  to  conclude  that  all  the  stars  in  the  clouds  which  make 
up  the  Milky  Way  belong  to  these  streams,  for  the  discussion 
was  based  on  only  a  few  thousands  of  stars,  while  there  are 
hundreds  of  millions  in  the  sky.  It  seems  probable  that  the 
Galaxy  is  made  up  of  a  great  many  of  these  streams.  There 
is,  in  fact,  some  reason  to  believe  that  there  is  a  third  drift 
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containing  stars  of  the  so-called  Orion  type.  But  the  evi- 
dence for  the  existence  of  the  two  streams  discovered  by 
Kapteyn  is  conclusive,  and  his  results  have  been  verified  by 
Bcveml  other  astronomers.  And  in  connection  with  the 
larger  problems  of  the  Milky  Way,  it  is  interesting  to  note 
that  both  streams  are  moving  parallel  to  its  plane. 

With  respect  to  t!ie  sun  as  an  origin  the  points  toward 
which  the  stars  are  moving  are  : 

tApex  of  Drift  I :    Right  Ascension,  90° ; 
Declination,  -15°. 
Apex  of  Drift  II :    Right  Ascent^ion,  288° ; 
[  Declination,  —64°. 

If  the  motion  of  the  sun  is  eliminated  and  the  stars  are 
considercti  only  with  reference  to  one  another,  the  two 
streams  necessarily  move  in  opposite  directions.  With  this 
reference,  the  vertices  of  the  two  drifts  according  to  Edding- 
ton's  discussion  of  the  stars  in  Boss's  catalogue  are  : 
Right  Ascensions,  94°,  274°; 
Y  Declinations,  -M2°,  -12°. 

About  60  per  cent  of  the  stars  on  which  the  discussion  was 
based  belong  to  Drift  I  and  40  per  cent  to  Drift  II.  They  are 
intermingled  in  space  so  that  one  set  of  stars  is  pa.'^sing 
through  the  other.  Their  relative  velocity  is  about  24  miles 
per  second,  or  aboiit  8  astronomical  tnnts  per  year. 

279.  On  the  Dynamics  of  the  Stellar  System.  —  The 
stars  are  at  least  several  hundred  millions  in  number,  they 
occupy  an  enormous  space,  and  they  are  moving  with  respect 
to  one  another  with  velocities  averaging  about  20  miles  per 
second.  In  the  two  centuries  during  which  their  proper 
motions  have  been  observed,  they  have  in  all  cases  moved  in 
sensibly  straight  lines  with  uniform  velocities.  Likewise, 
spectroscopic  determination.?  of  motion  in  the  line  of  sight 
give  no  evidence  of  anything  but  uniform  rectilinear  motion. 
These  statements  require  modification,  however,  in  the  case 
of  the  binary  stars  (Art.  283). 
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There  is  no  doubt  that  the  paths  of  the  stars  eventually 
curve,  but  the  time  covered  by  our  observations  is  as  yet  far 
too  short  for  us  to  detect  those  deviations.  It  compares 
with  the  vast  intervals  required  for  the  stars  to  move  across 
the  sidereal  universe  as  one  tenth  of  a  second  compares  with 
the  period  of  the  earth's  revolution  around  the  sun. 

The  first  question  that  springs  to  the  mind  is  whether  the 
stars  travel  in  sensibly  fixed  and  closed  orbits  similar  to  thoaej 
of  the  planets,  or  move  on  indefinitely  throughout  the  region 
occupied  by  the  stars  without  ever  retracing  any  parts  of 
their  paths.  Since  observations  cannot  at  present  answer] 
this  question,  the  reply  must  be  based  on  djTiamical  considera- 
tions. There  is  clearly  no  central  mass  among  the  stars  and 
there  is  no  center  about  which  they  seem  to  be  distributed 
with  anjihing  approaching  sjTnmetrj'.  Moreover,  their 
motions  give  no  hint  that  they  are  mo\'ing,  even  temporarily, 
around  some  central  mass  or  point. 

The  conclusinn  is  inevitable  that  the  stars  describe  more 
or  less  irregular  paths,  in  the  course  of  time  probably  extend- 
ing into  all  parts  of  the  .sidereal  .system.  In  fact,  the  Galaxy 
was  Ukened  by  KeUnn  to  a  great  gas  in  which  the  stars  cor- 
respond to  the  molecules.  When  thej'  are  far  apart  their 
mutual  attractions  are  inappreciable,  just  as  molecules  do 
not  interfere  with  the  motions  of  one  another  except  at  the 
times  of  collisions.  If  two  stars  should  colUde  they  would 
probably  coalesce,  the  heat  generatetl  by  their  impact  chang- 
ing them  into  the  nebulous  state.  This  would  l)e  quite  dif- 
ferent from  an  elastic  rebound  of  molecules.  But  actual  col- 
Usions  would  be  excessively  rare  and  near  approaches  would 
be  relatively  much  more  frequent.  A  near  approach  is 
dynamically  equivalent  to  an  oblique  impact  of  perfectly 
elastic  bodies,  as  is  illustrated  in  Fig.  170.  In  this  figure 
C  is  the  center  of  gravitj'  around  which  as  a  focus  the  two 
masses  (assumed  equal)  describe  hyperbolas.  It  is  easy  to 
see  that  the  motion  before  and  after  near  approach  is  similar 
to  that  of  two  elastic  spheres  colliding  a  little  to  the  right  of 
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their  respective  centers.    Consequently  there  are  some  good 
^IfltDundB  for  comparing  the  sidereal  system  to  a  vast  mass  of 

IS. 

There  are,  however,  fundamental  differences  between  a 
gas  and  the  stellar  system.  In  a  gas  the  collisions  are  the 
important  events  in  the  history  of  a  mnleculp,  and  nre  the 
only  appreciable  factors  which  influence  its  motion.  In  the 
stellar  system  the  near  approaches  of  a  given  star  to  some 
other  one  are  excessively  rare, 
and  the  attraction  of  the  whole 
system  is  the  primarj'  factor 
determining  the  motion  of  the 
indi\'idual  star.  Or,  more 
particularly,  a  molecule  in  a 
vessel  of  ordinary  ga.s  has 
thousands  of  million.s  of  col- 
lisions with  other  molecules 
per  second,  while  the  attrac- 
tion of  the  whole  mass  has  no 
appreciable  effect  on  it,s  mo- 
tion. But  in  the  sidereal 
system,  a  star  will  in  general 
travel  several  times  from  one 
of  ita  visible  borders  to  the 
opposite  one  without  once 
passing  near  enough  to  an- 
other star  to  have  its  motion  radically  altered  by  the  latter, 
while  its  motion  is  controlled  by  the  attraction  of  the  whole 
mass  of  stars. 

It  is  difficult  to  realize  the  great  distances  which  separat-e 
the  stars  and  how  feeble  are  the  forces  with  which  they 
attract  one  another.  If  the  earth  were  at  rest,  it  would  fall 
toward  the  sun  less  than  one  eighth  of  an  inch  the  first  second. 
The  distance  of  the  relatively  near  star  Sirius  is  .500.000 
times  afi  great ;  and  in  spite  of  the  fact  that  its  mass  is  3.4 
times  that  of  the  sun,  in  a  whole  year  it  would  pve  the  sun 


Fio.  170.  —  Near  nppronch  of  two 
(tars  i»  similHr  to  an  oblique  rol- 
liaioD  of  elastic  bodies. 
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a  velocity  of  only  0.00007  of  an  inch  per  second.  Only 
after  900,000,000  years  at  the  present  distance  would  the 
relative  velocity  of  the  two  amount  to  one  mile  per  second. 
Long  before  such  an  immense  time  shall  have  elapsed  the 
sun  and  Sirius  will  be  far  separatetl  in  space. 

Now  consider  a  group  of  stars,  such  as  the  cluster  in  Taurus, 
traveling  thjough  the  stellar  system.  So  far  as  their  mutual 
interactions  on  one  another  are  concerned  the  result  is  the 
same  as  though  they  were  not  moving  with  respect  to  the 
other  stars.  In  their  motion  tlirough  space  they  are  subject 
as  a  whole  to  the  changing  attractions  of  the  other  stars, 
and  individually  to  possible  close  approaches.  These  fac- 
tors may  be  considered  separately. 

The  Taurus  cluster  consists  of  39  (possibly  more)  stars^ 
which  occupy  a  space  whose  diameter  is  roughly  10  parsecs. 
From  the  high  luminosity  of  the  individual  members  of  the 
group  it  is  reasonable  to  suppose  that  they  have  large  masses, 
and  it  will  be  supposed  that  they  average  10  times  the  sun 
in  mass.  It  will  be  assumed  that  their  motions  are  such 
that  they  are  neither  simply  falling  together  nor  scattering 
more  widely  in  space,  and  that  they  are  distributed  uniformly 
throughout  the  volume  which  they  occupy.  That  is,  it  ia 
assumed  that  there  is  a  balance  (speaking  roughly)  between 
the  gravitational  forces  among  them  and  the  centrifugal 
forces  due  to  their  relative  motions.  With  these  data  and 
assumptions  their  maximum  velocities  with  respect  to  the 
center  of  gravity  of  the  group,  and  the  time  required  for  one 
of  them  to  move  from  one  border  of  the  group  to  the  oppo- 
site, can  be  computed. 

It  is  found  that  the  velocities  of  the  stars  of  the  group  with 
respect  to  their  center  of  gravity  will  always  be  less  than 
0.4  of  a  mile  per  .second,  and  this  maximum  will  be  approached 
only  very  infrequently.  If  their  masses  are  comparable  to 
that  of  the  sun  instead  of  being  10  times  as  great,  the  veloci- 
ties relative  to  their  center  of  mass  will  always  be  less  than 
0.13  of  a  mile  per  second.    Consequently,  the  internal  motions 
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of  the  group  due  to  the  mutual  attractions  of  its  members 
will  always  be  small,  and  the  fact  that  at  present  the  stars 
are  moving  in  sensibly  parallel  lines  with  thr*  same  speed  does 
not  in  the  least  justify  the  couclasion  that  the  members  of 
the  cluster  are  in  any  sense  young.  It  is  also  found  that  the 
time  required  for  a  star  to  move  from  one  side  of  the  group 
to  the  other  under  the  attraction  of  all  the  stare  in  it  is 
25,000,000  years.  At  present  it  does  not  seem  safe  to  put 
any  time  limits  on  the  life  of  a  star,  and  consequently  it 
may  \x  supposed,  at  least  tentatively,  that  the  cluster  has 
been  in  existence  long  enough  for  the  stars  of  which  it  is 
composed  to  have  made  many  e.xcursions  across  it.  The 
mutual  interaction.?  of  the  stars  have  a  tendency  to  make 
the  cluster  uniformly  spherical  with  the  stars  of  greatest 
mass  somewhat  ronden.scd  toward  tlie  center.  The  appro.xi- 
raate  sphericity  of  the  group  is  in  harmony  with  the  hj'pothe- 
sis  that  it  is  verj'  old. 

It  remains  to  consider  the  effect  on  the  cluster  of  its  pas- 
sage through  star-strewn  space.  The  result  depends,  of 
course,  upon  the  star  density  of  the  region  which  it  traverses. 
It  has  been  seen  that  there  are  20  knmvn  stars  within  5 
parsecs  of  the  earth.  It  is  not  unrea.sonable  to  suppose 
that  there  are  10  other  stars  within  the  same  distance  of  the 
earth  which  iire  at  pre.'sent  unku(jwn.  Under  the  as.suinption 
that  the  stars  are  scattered  uniformly  with  a  density  such 
that  there  are  30  within  a  sphere  whose  radius  is  5  parsecs, 
it  is  found  that,  on  llm  average,  the  cluster  will  have  to  pass 
over  a  distance  of  .'j70O  parsecs  in  order  that  at  least  one  of 
its  39  members  .shall  pass  another  star  within  1000  times 
the  distance  from  the  earth  to  the  sun.  Since  the  cluster 
moves  at  the  rat<?  of  atwut  Ifi  miles  pe!'  second  with  respect 
to  the  stars  now  surrounding  it,  about  40,000  years  will  be 
required  for  it  to  describe  one  parsec ;  and  to  pass  'over 
5700  parsecs  will  require  more  than  200  million  years.  But 
5700  parsecs  is  probably  far  beyond  the  limits  of  the  visi- 
ble imiverse,  and  before  the  cluster  shall  have  traversed  any 
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considerable  fraction  of  this  distance  the  attraction  of  the 
great  mass  of  stars  in  the  Galaxy  will  have  radically  altered, 
and  possibly  revei*sod,  its  motion. 

While  the  stars  of  the  cluster  pass  close  to  other  stars  only 
after  verj'  long  intervals,  they  are  continually  subject  to 
slight  disturbing  forces  which  affect  them  somewhat  un- 
equally. This  results  in  a  slight  tendency  to  scatter  the 
members  of  the  group.  One  might  be  tempted  to  conclude 
from  the  fact  that  it  is  still  very  coherent  that  its  age  should 
be  counted  in  hundreds  of  milUons  of  years  at  the  most. 
But  it  is  im|)0S8ible  to  determine  how  many  stars  once  b«*- 
longing  to  it  have  been  torn  from  it  by  near  approaches  to 
other  stars,  or  how  many  of  the  smaller  original  stars  have 
been  throwii  to  its  borders  by  its  internal  interactions  and 
then  removed  by  the  differential  attractions  of  exterior 
bodies,  or  how  much  more  condensed  it  may  formerly  have 
been.  In  short,  no  certain  conclusions  respecting  the  age  of 
one  of  these  moving  clusters  can  be  drawn  from  the  proper- 
ties of  the  motion  of  their  members  at  present. 

It  is  now  possible  to  pa-ss  to  the  consideration  of  the  whole 
sidereal  system.  The  star-streams  discovered  by  Kapteyn 
and  (he  form  of  the  tlala.xy  suggest  that  it  is  made  up  largely 
of  many  vast  star  clouds  which  move  at  least  approximately 
in  the  plane  of  the  Milky  Way.  There  is  a  general  tendency 
for  the  mutual  interactions  of  the  members  of  each  star 
cloud  to  reduce  it  to  the  spherical  or  symmetrically  oblate 
form.  Moreover,  the  stars  of  smaller  mass  gradually  acquire 
greater  velocities  at  the  expense  of  the  larger  stars,  just  a* 
in  a  mixture  of  gases  of  molecules  of  different  weights  the 
lighter  ones  on  the  average  move  faster  than  the  heavier 
ones.  The  fact  that  the  in<lividual  star  clouds  are  not 
spherical  would  argue  that  they  have  not  had  time  to  acquire 
the  symmetrical  form  of  equililwium,  if  it  were  not  for  the 
fact  that  their  pas.sage  through  and  near  to  other  star- 
clouds  may  occasionally  introduce  great  irregularitiee. 

But  all  the  star  clouds  which  together  constitute  the  Milky 
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Way  may  be  considered  as  being  simply  a  much  larger  sys- 
tem. If  it  remains  isolated  from  all  nther  systems,  it  will 
similarly  tend  toward  a  symmetrical  form.  Its  irregularities 
point  toward  the  conclusion  that  its  age  is  not  indefinitely 
great ;  and  tlii.n  would  In*  a  necessan,'  coni'lu.sion  if  there  were 
not  the  possibility,  or  perhaps  even  probability,  of  the  exist- 
ce  of  other  gahixies  beyond  our  own  near  which,  or  through 
which,  ours  passes  after  intervals  of  time  of  a  liigher  order 
of  magnitude  than  any  so  fai-  considered.  Tiiese  families  of 
galaxies  may  be  units  in  still  larger  systems,  and  so  on  with- 
out limit.  Therefore  it  is  impos.sil>k'  to  conclude  from  the 
irregularities  in  the  star  clouds  or  galaxies  that  they  have 
not  Ijeen  of  infinite  duration.  It  should  be  added  at  once 
that  most  astronomers  believe,  chieHy  on  the  basis  of  the 
finite  amount  of  energj-  of  the  stars,  that  they  have  not 
existed  for  an  infinite  time. 

While  it  lia.H  not  bi-cn  possible  to  answer  the  more  ambi- 
tious questions  which  have  been  raised,  there  remain  others 
which  are  not  with()ut  interest.  For  example,  supp<j8e  that 
throughout  the  whole  n-gion  occupied  by  the  stars  they  are 
as  numerous  as  they  are  m-ar  the  sun  ;  that  is,  that  there  are 
20  or  30  in  a  sphere  whose  radius  is  5  parsecs.  Suppose, 
further,  that  there  is  equilibrium  between  the  attractive  and 
centrifugal  forces.     So  far  as  these  tissumptions  approximate 

he  truth,  there  is  a  relation  between  the  dimensions  of  the 
whole  stellar  system  and  the  mean  velocity  of  stars  at  its 
center,  for  the  velocities  depend  upon  the  star  density  and 

he  extent  of  the  region  which  they  occupy.  Inasmuch  as 
the  star  density  in  the  neigldiorhtiod  of  the  sun  and  the 
velocities  of  the  stars  have  been  determined  by  observa- 
tions, the  extent  of  the  whole  system  can  be  computed. 

The  solar  system,  which  is  far  from  the  borders  of  the 
Galaxy,  will  be  supposed  to  be  apjiro-ximately  at  its  center. 
The  mean  velocity  of  the  stars  near  the  sun  is  about  22  miles 
per  second.  This  fact  and  the  as.sumptions  which  have  been 
made  imply  that  the  radius  of  the  Galaxy  is  alx)ut  1100 
2k 
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parsecs  and  that  the  total  number  of  stars  in  it  is  200,000,000, 
Although  the  assumptions  are  not  in  exact  harmony  with 
the  facts,  it  is  believed  that  these  results  are  of  the  correct 
oi-der  of  magnitude.  And  under  the  same  assumptions  the 
time  required  for  a  star  to  pass  from  one  side  of  the  system 
to  the  opix>site  is  approximately  200,000,000  years.  Since 
this  is  probal)ly  leas  than  (he  age  of  the  earth,  our  sun  may 
have  traveled  in  geological  times  more  than  once  far  toward 
the  Iwundaries  of  the  stellar  system. 

Whatever  may  have  been  the  history  of  any  particular 
star,  these  results,  though  they  may  be  appreciably  in  error 
numerically,  imply  that  the  stars  have  undergone  consider- 
able mixing.  So  far  as  can  be  determined  at  present  this 
process  will  continue  in  the  future,  the  star  clouds  which 
form  (he  Milky  Way  will  liecome  more  and  more  uniform 
and  the  motions  of  the  stars  more  and  more  chaotic,  the  stars 
of  smaller  mass  will  acquire  liigher  velocities  than  the  larger 
ones,  at  rare  intervals  every  star  will  pa.ss  near  some  other 
star,  and  jwssibly  at  intervals  of  time  of  a  higher  onler  our 
Galaxy  will  encounter  other  galaxies  and  again  be  deformed 
and  made  irregular  by  them, 

280.  Runaway  Stars.  —  Since  the  average  radial  velocity 
of  a  large  group  of  stars  is  one  half  the  average  of  their  entire 
motions,  the  spectroscope  furnishes  the  average  speed  with 
which  the  stars  move.  The  average  velocity  of  the  stars 
near  the  sun  is  aiwut  1.8  times  the  velocity  of  the  sun,  or 
22  miles  per  second.  This  is  7.5  astronomical  units  per  year, 
or  one  parsec  in  aliout  27,000  years. 

The  stars,  however,  do  not  all  move  with  even  approxi- 
mately the  same  velocity.  The  variations  in  their  speeds 
are  evidenced  l)oth  by  their  proper  motions  and  by  their 
radial  velocities.  The  star  having  the  largest  known  proper 
motion,'  namely,  8".7  i>er  year,  is  the  sixth  in  Table  XVI, 

'  Professor  Barnard  has  j<ist  (Juno,  1914)  found  an  clevenlb-magniM 
■tar  in  Ophiurhus  whose  annual  proper  motion  ia  over  10" ;    its 
haa  uot  yet  been  measured. 
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aod  by  astronomers  is  known  as  C.  Z.  5  h.  243,  or  No.  243 

Kin  the  fifth  hour  uf  right  ascension  in  the  Cordoba  Zone 

Catalogue.     It  was  discovered  Ijy  Kapteyn  in  1897  from  the 

measurement  of  plates  taken  by  Gill  and  Innes  at  the  Cape 

■  Observatory,  in  South  Africa.  Its  actual  velocity  is  170 
miles  per  second,  or  nearly  8  times  the  average  velocity  of 
the  stars.     The  star  known  Jis    1830  Groombridge  has  a 

■  proper  motion  of  7"  per  year.  Its  parallax,  which  is  not 
yet  accurately  known,  can  scarcely  exceed  0".l  and  its 
velocity  probably  exceeds  200  miles  per  second.     The  star 

■  61  Cygni  is  another  one  in  Table  XVI  which  moves  at  a  high 
speed,  though  its  velocity  is  exceeded  by  the  velocities  of 
quite  a  number  of  other  known  stars. 

■  The  stars  having  high  velocities  are  called  "  runaway 
stars  "  becausp,  unJes-s  thej'  pass  very  near  other  stars  in 
their  journey  through  space,  they  will  escape,  like  molecules 

■  from  a  planet,  from  the  gravitative  control  of  the  stars  which 
constitute  the  Galaxj',  and  will  recede  from  them  forever. 
This  conclusion  is  inevitable  unless  the  total  mass  of  the 

■  sidereal  system  is  much  greater  than  has  hitherto  been  sup- 
posed. Even  if  the  extravagant  assumption  is  made  that 
there  are  1,000,000,000  .stars,  eiich  as  massive  as  the  sun,  in 

■  a  spherical  space  whose  radius  is  1000  parsecs,  it  is  found  that 
a  star  moving  through  its  center  with  a  speed  exceeding  72 
miles  per  secontl  will  entirely  escape  from  the  system  unless, 

■  in  its  journey  toward  the  surface,  it  passes  near  at  least  one 
other  star  in  a  particularly  favorable  way  so  that  its  velocity 
is  much  reduced.     Since  the  probability  of  such  a  near  ap- 

■  proach  is  very  small,  we  are  forced  to  the  conclusion  that  these 
stars  with  high  velocities  are  only  temporarj'  members  of  our 
Galaxy.     The  only  alternative  is  tliat  the  mass  of  the  sys- 

B  tem  is  at  least  10  times  as  great  as  has  been  estimated. 

If  the  total  mass  of  the  stellar  system  is  greatly  in  excess 

■  of  the  estimates  which  have  been  made,  the  resulting  attrac- 
tive forces  are  greater  than  the  centrifugal  forces  due  to  the 
average  motions  of  the  stars,  and,  therefore,  the  stars  must 
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be  on  the  whole  falling  together.  That  is,  either  the  run- 
away stars  will  actually  escape  from  the  Galaxy  entirely,  ox 
the  stellar  system  will  necessarily  become  more  and  more 
concentrated  under  the  mutual  gravitation  of  its  parts. 

The  question  of  the  origin  of  runaway  stars  at  once  arises. 
Either  they  have  come  in  from  beyond  our  Galaxj',  perhaps 
from  a  distant  one,  or  their  high  velocities  have  been  de- 
veloped within  our  stellar  system.  The  first  alternative  is 
certainly  jxj.ssible  though  it  may  appear  at  first  to  be  im- 
probable, especially  in  view  of  the  enormous  time  required 
for  a  star  to  go  from  one  sidereal  system  to  another.  But 
these  stars  will,  in  most  cases,  permanently  leave  our  Galaxy, 
and  there  is  no  apparent  reason  why  stars  might  not  equally 
well  leave  other  galaxies. 

The  second  alternative  is  also  possible,  for  if  a  large  star 
and  a  small  star  pass  near  each  other  the  velocity  of  the  small 
one  may  be  greatly  increased.  A  series  of  favorable  close 
approaches  miglit  easily  produce  the  high  velocities  which 
are  observetl.  The  process  is  closely  analogous  to  the  de- 
velopment of  high  velocities  in  exceptional  cases  in  a  mixture 
of  gases,  the  light  molecules  acquiring  the  highest  velocities. 
The  difficulty  in  the  case  of  the  stars  is  that  the  intervals 
between  close  approaches  are  so  long  that  the  process  de- 
mands starthng  lengths  of  time.  Perhaps  astronomers  in 
the  remote  future  %vill  be  able  to  determine  from  their 
greater  knowledge  regarding  the  masses  and  the  velocities 
of  the  stars  someUiing  respecting  the  length  of  time  during 
which  the  stars  of  the  stellar  system  have  Ix^en  subject  to , 
their  mutual  attractions. 

281.  Globular  Star  Clusters.  —  Perhaps  the  most  won- 
derful objects  iu  the  heavens  are  the  dense  globular  star 
clusters.  They  cover  portions  of  the  sky  generally  less  than 
30'  in  diameter,  that  is,  less  than  the  apparent  diameter  of 
the  moon.  The  brightest  of  them  appear  to  the  unaided 
eye  as  faint  fuzzy  stars,  but  a  large  telescope  shows  that  they 
are  made  up  of  thousands  of  stars.     The  most  splendid  of 
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these  ol)jects  in  the  northern  sky  is  (lie  (irt-at  Hc-rcules  cluster 
(Fig.  171),  also  known  to  astronomers  as  Messier  13,  in  which 


Fia.    171.       Till-  nn-at   nli.l.i.i  .i      .    .i    n,    llon'iiliv;   (M.    13).      Phutu- 

grajjlietl  bu  Rilduy  unUi  Uu  40-iiuJi  UUmmix  uJ  the  Ycrket  Obacriiatury. 

Ritchey's  photograph,  (aiien  with  the  givat  GO-inch  reflector 
of  the  Mt.  Wilson  Solar  Ohservatorj*,  shows  more  than  .50,000 
stars.  The  gi'cat  cluster  Omega  Centauri,  in  the  southern 
heavens,  is  even  a  more  wonderful  aggregatiou  o(  ■sava. 


602    AN   INTRODUCTION   TO  ASTRONOMY  [ch.  xiii.  281 


The  individual  stars  in  most  of  the  globular  clusters  are 
very  faint,  ranging  from  about  the  twelfth  magnitude  down 
U)  the  limits  of  visibility  with  the  instrument  employed. 
If  we  knew  the  distance  of  a  cluster,  we  could  determine  the 
luminosity  of  its  members  compared  to  the  sun.  Then  we 
could  answer  the  question  whether  the  stars  in  the  clusters 
are  great  suns  like  our  own,  but  which  appear  faint  and 
crowded  together  only  because  of  their  immense  distance 
from  us,  or  whether  they  are  examples  of  an  evolution  in 
which  the  mass  is  distributed  among  a  very  large  number  of 
relatively  small  bodies.  It  is  not  possible  to  measure  directly 
the  parallaxes  of  the  globulnr  dusters,  and  their  probable 
distances  can  be  inferred  unlj'  from  their  proper  motions. 
Unfortunately,  we  do  not  yet  have  any  positive  data  bearing 
on  the  pr<)l>lem  exfe|)t  that  their  jxisitions  in  the  sky  are 
sensibly  fixwl.  This  can  only  mean  that  they  are  very  dis- 
tant, for  there  are  more  tlian  UW  elu.sters  known,  and  it  is 
im|>roha!)le  that  all  of  tlieiti  should  be  moving  in  the  same 
direction  as  the  sun  and  with  the  same  speed.  It  seems  to 
be  dear  from  their  apparent  fixity  on  the  sky  that  their  dis- 
tance is  at  l('a,st  IIKI  pni'secs  and  it  is  much  more  probable 
that  it  is  1000  ])arsecrt.  At  the  distance  of  100  jiarsecs  the 
Bun  would  be  a  ninth-magnitude  star,  while  at  1000  parsecs 
it  would  l)e  of  the  fourleenth  magnitude.  If  the  clusters 
are  at  the  smaller  distance,  their  members  are  much  less 
luminous  than  the  sun ;  if  at  the  greater,  they  are  comparable 
with  the  sun. 

The  problem  may  also  !}e  eonsideretl  in  the  reverse  order. 
That  is,  if  there  are  any  rea.s(jns  foi-  assuming  that  the  indi- 
vidual stars  in  the  dusters  are  com()arahle  to  the  sun  in 
luminosity,  or  rdateti  to  it  in  any  definite  way,  then  their 
distances  can  be  computeil.  The  stars  in  the  clusters  are 
individually  so  faint  that  their  spectra  cannot  be  studied; 
but  valuable  information  conceriung  the  character  of  the 
light  they  radiate  can  be  obtained  by  photographing  them 
first  with  plates  sensitive  to  the  blue  and  then  to  the  red 


CH.  xin,  281]        THE   SIDEREAL   UNIVERSE 


503 


end  of  the  spectrum.  Such  work  has  been  carried  out  at 
the  Solar  Observatoi-y  and  Shapley  finds  evidence  that  the 
stars  in  tho  Hercules  clustpr  nrt'  like  the  giant  rtnl  and  yellow 
stars,  such  as  Antares  and  Arcfurus,  which  are  cnurmously 
more  luminous  than  the  sun.  If  this  conchision  is  correct, 
the  ih.stance  of  the  Herctilos  cluster  is  of  (he  order  of  10,000 
parsecs.  Perhaps  a  reasonable  summary  of  jtresent  infor- 
mation would  he  that  globular  clusters  are  almost  certainly 
distant  nuielt  more  tlKin  UM)  parsecs,  and  that  their  distances 
p?-obably  ranp;e  from  KKX)  to  lO.OOO  parsecs. 

The  actual  dimensions  of  the  rlu.sters  are  appalling.  The 
distance  across  one  whose  ap(>:irejit  diameter  is  HO'  is  y\-^  of 
its  di.stance  from  the  eat1h,  or  |>n)bably  of  (he  orfier  of  at 
lea.st  10  parsecs.  If  50,000  stars  were  distributed  uniformly 
throughout  a  sfihere  of  these  dimensions,  the  average  distance 
between  atljaeent  stats  would  he  more  than  0.4  parsec,  or 
more  than  80,000  times  the  dislaiiee  from  the  earth  to  the 
sun.  It  is  seen  from  this  that,  although  the  globular  clusters 
are  somewhat  condensed  (owanl  their  renters,  the  actual 
distances  between  the  stars  of  which  they  are  composed  are 
enormous.  There  is  abundance  of  rtiom  in  them  for  almost 
indefinite  motion  without  collision,  and  there  is  no  apparent 
reason  why  the  individual  stars  should  not  have  planets 
revoh-ing  around  them. 

Dynamically,  the  globular  clusters  are  much  simpler  than 
the  Galaxy.  They  seem  to  have  arrived  at  an  approxi- 
mately fixed  state  of  symmetrical  di.stribution,  though,  of 
course,  tiie  individual  stars  are  in  cea.seless  motion  through 
them.  The  regularity  of  their  arrangement  implies  that  the 
process  of  mixing  has  been  in  operation  an  enormous  time, 
unless  imieed  they  started  in  this  remarkable  state.  It  is 
not  difficult  to  get  at  least  an  approximate  idea  of  the  time 
required  for  a  star  to  m<jve  from  the  borders  to  the  center  of 
a  globular  cluster.  The  distribution  of  mass  in  a  cluster  is 
somewhere  between  condensation  entirely  at  the  center  and 
uniform  densitj-.     In  (he  first  case  the  force  varies  inversely 
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as  the  square  uf  tin-  distance  from  the  center,  and  in  the 
second,  it  varies  directly  as  the  distance  from  the  center. 
In  a  duster  whose  radius  is  5  parsecs  anfl  which  contains 
511, 0(M)  stars,  each  having  the  mass  of  tiie  sun,  the  time  re- 
quired for  a  star  to  move  frum  the  surface  to  the  center  in 
the  first  fa.se  is  nearly  800,000  ycitrs,  and  in  the  second  is 
MUO.tKK)  years.  The  ai'tuai  time  is  of  tht-  order  of  I,lK)0,OOG 
years.  Since  thousands  of  these  excursions  would  be  neces- 
sary to  reduce  a  group  of  stai-s  with  eonsiderahle  irregulari- 
ties in  distnl»utiun  to  the  symmetriral  forms  ol).served,  the 
age  of  these  systems  must  he  enormous.  Only  a  thoiLsand 
excursions  from  the  periphery  to  the  center  and  hack  woidd 
retiuire  1,)K  10,000,000  years.  It  is  improliahie  tliat  this 
number  is  too  large  (it  may  he  many  times  too  small),  and 
it  follows  that  either  the  stars  exi.st  an  enormous  time  as 
luminous  hodies,  or  nuich  of  the  dynamical  evolulioii  uf  the 
clusters  was  completed  before  the  star  stage,  if,  indeed, 
there  has  been  such  a  ]>receding  .st.age.  And  it  follows  further 
from  (h<-  .symmefry  <tf  the  clusters  that  for  at  least  hundreds 
of  millions  of  years  they  have  not  pas-sed  near  other  clusters. 
No  rapid  motions  of  stars  in  the  glolmlar  clusters  are  to  be 
expected.  With  50,000  stai-s,  each  ecpial  to  the  sun  in  mass, 
distributed  uniformly  throughout  a  sphere  whose  radius  is 
5  parse<-s,  the  velocity  of  a  permanent  member  of  the  group 
at  its  center  would  be  only  about  4  miles  per  .second.  Since 
the  actual  dusters  have  strong  central  condensations,  the 
velocity  for  the  ideal  ca.se  would  be  considerably  exceeded 
by  stars  near  their  centers.  Suppose  they  move  at  10  miles 
per  second  at  right  angles  to  the  line  of  sight.  At  a  distance 
of  1000  parsecs  they  would  move  with  respect  to  the  center 
of  the  ciu.ster  only  one  second  of  arc  in  .300  years.  Of  course, 
if  the  a,ssumptions  as  to  the  distance  or  masses  are  wrong,  | 
the  result  will  be  wrong,  and,  besides,  a  certain  small  number 
of  the  .stars,  especially  those  of  smallest  mass,  will  have 
motions  in  excess  of  the  mean  velocities.  But  it  is  improb- 
able th.it  relative  motions  of  the  members  of  star  clusters 
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wHll  Ik*  large  (^nougli  in  any  cjuse  to  be  observablr  inside  of 
several  decades. 

XXIII.    QUESTIONS 

Prove  that,  in  Fig.  168,  Z  E,SEt  -  ^  EtS'E, 
^Z.SEiS'-ZSEtS'. 

2.  Suppose  there  art-  30  stars  wnthin  o  parseca  of  the  sun  ;  what  is 
the  average  distance  between  adjacent  slars? 

3.  Draw  a  dia^am  to  prove  that  Herschel'a  observations.  Art. 
274,  are  explained  Ijy  the  conclusion  which  he  drew.  If  this  conclu- 
sion is  denied,  what  other  must  hv  accepted? 

4.  If  an  angle  of  l".Ocaii  \ni  measured  with  an  error  not  exceeding 
10  per  cent,  how  small  a  piirallax  ean  Ixt  determined  with  this  degree 
of  accuracy  by  the  method  of  Art.  27">  in  100  years? 

5.  Show  by  a  diagrsi-m  llial  if  two  stars  an-  moving  in  parallel 
lines,  then  the  great  circles  in  which  they  api)arently  move,  as  st-en 
from  the  earth,  intersect  in  a  point  whos*>  dii-ection  from  the  earth  is 
the  direotiou  in  which  the  star."!  move  (Art.  277). 

6.  Since  the  velocity  of  our  sun  is  somewhat  below  the  average  of 
the  velocities  so  far  measured,  what  art>  the  probabilities  of  the  rela- 
tion of  its  mass  to  the  mas.ses  uf  the  observed  stars? 

7.  ir  the  radius  of  the  Galaxy  is  1100  par.secs  (end  of  Art.  279), 
how  long  would  it  take  the  aun  at  its  pre.-;ent  stuped  to  pa.-<8  from  the 
center  of  the  siden-al  system  to  its  V)orders? 

8.  If  the  velocity  of  the  star  l&JO  Groombridg»>  is  200  miles  per 
second  and  remains  constant,  how  long  will  lie  required  for  it  to 
recede  to  a  distance  from  which  our  Gala.xy  will  appear  as  a  hazy 
patch  of  light  1°  in  diameter? 

9.  If  there  are  many  galaxies,  and  if  the  distances  between  them 
compare  to  (heir  dimensions  like  the  distances  between  the  stars 
compare  to  the  dimensions  of  the  stars,  how  long  will  lie  required  for 
1830  Groombridge  to  go  from  our  Galaxy  to  another? 

III.    Thk  Stars 

282.  Double  Stars.  —  A  few  liouble  stars  iiave  been  known 
almost  since  the  invention  of  the  telescope,  but  William 
Hcrschel  was  the  first  astronomer  tti  search  for  (hem  .sys- 
tematically  and  to  mea,sure  the  distances  and  Ihe  directions 
of  their  components  from  one  another.  His  [)uqK)se  in  meas- 
uring them  was  to  determine  the  parallax  of  the  nearest  ones 
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(Art.  272),  for  he  assuinod,  perhaps  unconsciously,  that  the 
sun  is  a  typical  star,  and  (hat  when  two  stars  arc  apparently 
in  about  the  same  direction  from  the  earth,  one  is  simply 
farther  away  than  the  other. 

Herschel  found  a  large  number  of  double  stars  whose  cqm- 
ponents  were  apparently  separated  by  a  few  seconds  of  arc 
at  the  most.  A  di.scus.sion  of  the  probability  of  there  being 
such  a  large  number  of  .stars  s<j  nearly  in  lines  passing  through 
the  earth  would  have  shown  him  that  their  apparent  prox- 
imity could  not  be  accitleutal.  He  reachetl  the  same  result 
in  a  few  years,  for  his  observations  showed  him  in  a  con- 
sideralile  inimlier  of  cases  that  the  two  components  were 
revolving  around  their  center  of  gra\'ity.  That  is,  instead 
of  all  stars  con.sisting  of  single  piimary  boilies  accompanied 
by  families  of  jjlanets,  there  are  many  which  are  twin  suns 
of  ap])roximately  equal  nuiss  mid  dimension.  So  far  as  we 
know,  they  may  or  maj'  not  have  planetary  attendants,  for 
such  small  objects  shining  entirely  bj'  refl(>cted  light  would 
be  beyond  the  range  of  our  teU-scopes  even  if  they  were  a 
thtjusand  times  more  powerful  than  any  yet  constructed. 

The  names  that  stand  out  most  ])rominently  in  the  double- 
star  astronomy  of  the  nineteenth  century  are  William 
Struve,  Dawes,  John  Herscbe),  and  Hurnham.  In  Bum- 
ham's  great  catalogue  of  doiilde  stars  the  observations  and 
descriptions  of  about  1.3, (XH)  of  the.se  objects  are  given.  New 
ones  are  constantly  being  discovere*!,  though  the  northern 
heavens  have  now  been  very  thorougiily  examined  with 
jHiwerful  telescojws.  At  the  Lick  Observatory  a  sur\'ey  of 
the  whole  heavens  to  at  least  — 14°  declination  was  begim 
by  Hussey  and  Aitken  and  completeii  by  Aitken.  All  old 
pairs  with  a  separation  not  exceeding  5"  of  arc  were  observed, 
and  4300  new  pairs  were  discovered  within  the  same  limits. 
On  using  a  definition  of  douldc  star  which  excludes  all  wider 
psiirs  except  in  the  case  of  bright  stars,  Aitken  found  that 
there  are  JVKIO  of  these  objects  not  fainter  than  the  ninth 
magnitude  north  of  the  celestial  equator.     Tliis  means  that 
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at  least  one  star  in  18  of  those  not  fainter  than  the  ninth 
magnitude  is  a  double  which  is  visible  with  the  36-inch 
tflescope  of  tho  Lick  (ll^sprvatorj'.  Of  these  stars,  2206 
have  an  apparent  angular  separation  not  greater  than  1", 
and  only  200  are  separated  by  more  than  5".  A  very  in- 
teresting fact  is  that,  compared  to  the  whole  number  of  stars 
of  the  same  brightness,  double  stars  seem  to  be  somewhat 
more  numerous  in  the  Milky  Way  than  near  its  poles. 
Moreover,  the  average  separation  of  tlip  stars  of  the  spectral 
class  to  which  the  sun  belongs  is  considerably  greater  than  in 
those  of  the  so-called  earlier  types  which  include  the  blue  stars. 

There  are  doubtless  some  cases  in  which  the  components 
of  a  double  star  are  at  different  distances  and  simply  in  nearly 
the  same  direction  from  the  observer.  But  in  general  they 
form  physical  systems  which  revolve  around  their  centers  of 
gravity  in  harmony  with  the  law  of  gravitation,  and  these 
pairs  are  called  binaries.  According  to  the  law  of  probability, 
essentially  all  of  the  .5400  double  stars  in  .\itken's  list  must 
be  [)inan('s,  for  only  very  rarely  would  two  stars  be  acci- 
dentally .so  nearly  in  the  same  direction  from  us. 

283.  The  Orbits  of  Binary  Stars.  —  The  stars  in  :dl  cases 
are  so  remote  from  ua  that  the  components  of  a  binary  sys- 
tem cannot  be  seen  as  separate  stars  unless  they  are  a  great 
distance  apart.  Rut  when  the  components  of  a  binarj*  pair 
are  far  from  each  other,  their  perioil  of  revolution  is  long, 
and  observations  must  therefore  extend  over  many  years 
in  order  to  furnish  data  for  the  computation  of  their  orbits. 
Those  binary  stars  which  were  first  discovered  and  which 
have  been  longest  under  observation  are  not  very  close 
together,  and,  while  in  many  coses  it  is  now  certain  from 
flirect  observational  evidence  that  they  form  physical  sys- 
tems, there  are  only  40  or  50  in  which  the  observed  arcs  are 
long  enough  to  define  the  orbits  with  any  degree  of  precision. 
In  1896  See  published  the  orbits  of  40  of  the  best-known 
binary  stars. 

The  periods  of  known  visual  binary  stars  range  from  5.7 
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years,  for  Delta  Aquilae,  to  hundreds  and  probably  thousands 
of  years.  Tlie  planes  of  their  orbits  are  inclined  at  all 
angles  to  the  line  joining  them  with  the  earth,  so  that,  as  a , 
rule,  we  see  their  orbits  in  projection.  Indeed,  the  orbit  of 
42  ('omsB  Berenices  is  sensibly  edgewise  to  us.  One  of  the 
mo.sl  interesting  things  about  the  orbits  of  bin.'iries  is  that 
they  are  generally  considerably  eccentric.  In  the  40  orbits 
in  See's  list  the  average  eccentricity  was  0.48,  or  twelve  times 
that  of  the  planetarj^  orbits.  The  orbit  of  the  binarj'  .star 
Gamma  Virginis  has  an  eccentricity  of  0.9,  and  therefore  the 
greatest  distance  of  the  two  members  of  this  pair  from  each 
other  is  10  times  their  least  distance. 

284.  Masses  of  Binary  Stars.  —  The  ma.s.ses  of  those 
l)lanefs  which  have  satelHtes  are  found  from  the  periods  and 
distances  tif  their  respective  satellites  (Art.  154).  The 
ni>s,s,scs  of  Mercury  and  Venus  are  found  from  their  attrac- 
tions for  other  bodies,  especially  comets.  The  masses  of 
celestial  bodies  are  found  only  from  their  attraction  for  other 
IkmUcs.  I)  is  evident,  therefore,  that  the  mass  of  a  single  star 
remote  from  all  other  vi.sililc  Iwdies  cannot  be  found.  But 
when  the  dimensions  of  the  orbit  and  the  period  of  revolu- 
tion of  a  binary  pair  are  known,  their  combined  mass  can  be 
computed  just  as  the  mass  of  a  planet  is  computed. 

The  periods  of  binary  stars  are  determined  by  direct 
observations  of  their  apparent  positions.  The  dimensions 
of  the  orbit  of  a  binarj'  pair  can  be  detennined  from  their 
apparent  distance  apart  and  their  distance  from  the  earth. 
The  chief  difficulty  lies  in  tlie  paiblem  of  finding  their  para]la.x, 
for  only  a  small  numljer  of  stars  are  within  measurable  dis- 
tance from  the  sun. 

Those  binary  stars  whose  periods  and  distances  are  known 
with  sufficient  approximation  to  make  the  mass  determina- 
tions of  value  are  given  in  Table  XVIII.  The  masses  of  all 
those  whose  parallaxes  are  less  than  0".2  are  subject  to  some 
uncertainty,  and  the  probable  error  is  great  if  the  parallaxes 
are  less  than  O'M. 
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Table  XVITI 


I 


I 
I 


Stab 

Pah- 

Pkmod 

Bbhi- 

COM- 
BIIOD 

Ldminoo- 

Mass 

o  Centauri    .     , 

0.76 

81.2 

23.3 

1.0 

2.0 

Sirius 

o.:<s 

48.8 

20.0 

3.4 

48.0 

Procyon  .... 

0.H2 

:j9.o 

10.4 

0.7 

9.7 

T)  CaKsioiwiip     .     . 

0.20 

300.(7) 

47.4 

1.2 

1.4 

70  Ophiufhi      .     . 

0.17 

H.S.4 

2t).S 

2.5 

1.2 

0;  Krifiani     .     .     . 

0.17 

IKO.O 

28.2 

0.7 

0.8 

Bradley  2388    .     . 

0.1  ;< 

4.5.8 

8.2 

0.3 

1.0 

8.5  Pegasi     .     . 

0. 1 1 

26.3 

7.7 

0.7 

0.8 

{ Herculis    .     .     . 

0.10 

34..5 

13..5 

2.1 

11.4 

K  Pegasi  .... 

0.08 

11.4 

3.7 

0.4 

3.1 

/ijBodlis      .     .     . 

o.ir, 

200.  (?) 

21.5 

0.2 

0.7 

In  this  tablp  the.  periods  are  givpti  in  years,  the  senii-a.xes  in 
tenns  of  the  earth's  distance  from  the  sun,  the  combined 
ina-ss  in  terms  of  the  sun's  mass,  and  the  luniino.sity  in  terms 
of  the  sun's  luminosity  at  the  same  distance. 

Perhaps  the  most  interestinR  thing  brought  out  bj-  the 
table  is  that  the  masses  of  all  of  these  stars  are  comparable 
to  that  of  the  sun,  and,  with  tlie  exception  of  Sirius,  tlicir 
Inminosities  do  not  differ  greatly  from  that  of  the  sun. 
But  there  are  not  enough  pairs  of  stars  in  the  table  to  justify 
any  very  positive  general  conclusion. 

If  the  orbits  of  each  of  the  two  components  of  a  binary 
star  with  respect  to  their  center  of  gravity  are  known,  their 
separate  masses  can  be  computed.  The  problem  of  deter- 
mining the  orbits  of  two  .stars  with  respect  to  the  center 
of  ma-ss  of  their  system  is  very  difficult  because  their  motions 
with  respect  to  neighboring  stars,  or  fixed  reference  Hues, 
must  be  measured.  In  only  a  few  cases  are  the  results  at 
present  reliable.  The  di.scussioiis  of  Lewis  Bo.-ss  led  him  to 
the  conclusion  that  probably  in  all  eases  the  brighter  star 

■  is  the  more  massive,  a  result  which  is  contrary  to  that  which 

■  was  sometimes  found  in  earlier  investigations. 

H 
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886.  ^wctroKopIc  Binuy  Stars.  —  The  BpectroBoope  has 
contributed  veiy  important  results  to  the  study  of  binaiy 
stars.  Its  application  depends  upon  the  fact  that  it  enables 
the  obserrer  to  determine  whether  a  source  of  li^t  is  ap- 
proaching or  receding  (Art.  226).  Suppose  the  plane  of 
motion  of  a  binary  system  passes  through  the  earth,  as  is 
represented  in  Fig.  1^.  When  the  stars  are  in  the  positions 
A  and  B,  one  is  receding  from,  and  the  othw  is  approaching 
toward,  the  earth.  If  th^  have  similar  spectra,  the  qieo- 
trum  of  the  combined  pair  will  consist  of  double  lines  (Hg. 

A 


TO  EABTH 


Fio.  172.  —  Orbit  of  a  spectroscopic  binary  star. 

173),  for  the  lines  from  one  will  be  shifted  toward  the  red 
while  the  lines  from  the  other  will  be  displaced  toward  the 
violet.  When  the  stars  have  made  a  quarter  of  a  revolution 
around  their  center  of  gravity  0  and  have  arrived  at  A' 
and  B' ,  the  lines  will  not  be  displaced  because  the  stars  are 
neither  approaching  toward  nor  receding  from  the  observer. 
After  another  quarter  of  a  revolution  they  will  be  double 
again  because  A  will  be  approaching  and  B  receding. 

The  data  furnished  in  this  way  by  the  spectroscope  are 
very  important  because,  in  the  first  place,  the  separation  of 
the  lines  determines  the  relative  velocity  of  the  stars  in  their 
orbits.    This  is  true  whether  the  system  as  a  whole  is  sta- 
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tionary  with  respect  to  the  earth,  as  has  so  far  been  tacitly 
assumed,  or  is  mov'ing  in  the  line  of  sight.  The  period  is 
also  given.  Tlie  period  and  velocity  furnish  the  dimensions 
of  the  orbit  and  consequently  the  total  mass  of  the  binary 
system. 

If  the  two  stars  of  the  binary  are  very  unequal  in  lumi- 
nosity, the  spectrum  of  the  fainter  one  will  not  be  obtained, 
but  the  spectral  lines  of  the  brighter  one  will  be  shifted 
alternately  toward  the  red  and  violet  ends  of  the  spectrum. 


Kk, 


17.'1.  —  SjHM'Irurn  nf  Miz;ir.  sluiwint  <ioiit)Ic  lines  libove  rind  siiij^e  liiioa 
below  (ix'rioii  Mo  duys).     {Ftutl ,    Yfrken  Obtervatory.) 


The  period  is  given  in  this  case,  but  only  the  velocity  of  the 
brighter  star  with  respect  to  the  center  of  gravity  of  the 
system  is  known.  Since  the  orbit  of  one  star  with  respect 
to  the  other  is  necessarily  larger  than  the  orbit  of  the  brighter 
one  with  respect  to  the  center  of  gravity  of  the  two,  the  mass 
computed  in  this  case  will  always  be  too  small. 

It  has  so  far  been  assumed  that  the  plane  of  motion  of 
the  binary  star  pasjses  through  the  earth.  This  condition 
is  realized  only  very  exceptionally,  and  indeed  is  not  neces- 
sary' for  the  application  of  the  method.  If  the  plane  of 
motion  does  not  pass  exactly  through  the  earth,  the  meas- 
ured radial  velocity  is  only  a  fraction  of  the  whole  velocity, 
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uiiil  tht!  size  of  the  orbit  iiiid  mass  of  the  system  based  on  it 
are  both  too  small.  Since  the  planes  of  the  orbits  of  binarj' 
stiirs  may  have  any  relation  to  the  observer,  the  measured 
radial  velocities  are  in  general  smaller  than  the  actual 
velocities;  on  the  average  the  former  are  0.63  of  the 
latter.  On  the  average  the  calculated  masses  are  about  60 
per  cent  of  the  true  masses. 

The  spectroscope  is  particularly  valuable  in  the  study  of 
binary  stars  because  it  is  not  necessarj-  that  they  should  Ije 
near  enough  to  appear  as  visual  binaries.  The  only  requi- 
site is  that  they  shall  be  bright  enough  (above  the  eighth 
magnitude  with  present  instruments)  to  enable  astronomers 
to  photograph  their  spectra  in  a  reasonable  time.  With 
very  few  exceptions  the  spectroscopic  binaries  so  far  known 
are  not  also  vi.^ual  binaries.  A  second  advantage  of  the 
spectroscope  is  that  it  furnishes  at  the  same  time  lower 
limits  for  the  orbital  dimensions  and  masses  of  the  stars. 

The  fii-st  known  spectroscopic  binarj-  was  discovered  by 
E.  C.  Pickering  at  the  Harvard  Ob.sen'atory,  in  1889,  when 
it  was  found  that  the  spectrum  of  Mizar  (C  Urste  Majoris) 
coii.'sisted  of  alternately  double  and  single  lines  (Fig.  173). 
Mizar  is  a  visual  double  star,  but  the  double  lines  belong  to 
a  single  component  of  the  visual  pair.  The  visual  pair  prob- 
ably are  revolving  around  their  center  of  gravity,  but  their 
distance  apart  is  so  great  that  their  period  of  involution  is 
very  long  and  their  motions  are  too  slow  to  be  measured 
with  the  spectroHC(j]>e. 

The  first  s]}ectroscopic  binary  in  which  one  of  the  com- 
ponents is  dark  was  discovered  by  Vogel,  at  Potsdam,  in 
1889.  Me  found  that  the  lines  in  the  spectrum  of  Algol, 
the  well-known  variable  star,  shift  alternately  toward  the 
red  and  blue  ends  of  the  spectrum  with  the  same  periotl  as 
that  of  its  variability  (2  d.  20  h.  49  m.).  This  confirftfed 
the  theory  that  this  star  varies  in  brightness  because  a  rela- 
tively dark  one  revolves  around  it  and  partially  ecUpses  it 
at  each  revolution.    The  star  Mu  Ononis  has  the  short  period 
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of  4.45  days,  and  thp  displacements  of  its  spectral  lines  are 
considerable  (Fig.  174), 

In  1898  only  13  spcrtrosropic  hinary  stars  wrrp  known. 
By  1905  the  nunihrr  had  iiuT('a.>?fd  to  140  iiairs,  ti  of  which 
were  also  visual  binaries.  When  Campbell  pul)lished  his 
Becnnd  fataloRue  of  sportroscopic  binaries  in  1910,  there  were 
306  kntywn  pairs.  In  19  cases  the  spectra  of  both  stars  had 
been  measured,  and  from  the  absolute  displacements  of  each 
set  of  lines  their  relative  ma.sses  had  bet'n  tletennined.  With 
one  possible  exception  the  brighter  stars  of  the  systems  are 


Fig.   174.  —  Si>crtra  of  Mu  Orionia  (Fro.^t ;    J'.iA-,,  (V.<, n.i/./r//). 

the  more  massive.  The  larger  stars  are  generally  less  than 
twice  as  massive  as  the  smaller.  Of  course,  the  difference  is 
probably  much  greater  in  those  ca-ses  where  the  spectrum  of 
the  smaller  star  is  too  faint  to  be  ol»served. 

286.  Interesting  Spectroscopic  Binaries.  —  Mizar.  As 
has  been  stated,  the  brighter  component  of  Mizar  was  the 
first  spectroscopic  binary  discovered.  The  later  work  of 
Vogel  showed  that  its  period  is  about  20.5  days,  from  which 
it  follows  in  coiniection  with  the  dimensions  of  its  orbit 
(22,000,000  miles  between  the  two  components)  that  the 
mass  of  the  system  is  at  least  four  times  that  of  the  sun. 
The  spectra  of  both  stars  are  present,  and  their  equal  displace- 
2l 
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ment  proves  that  the  masses  of  the  two  components  are 
sensibly  equal.  The  center  of  gra^nty  of  the  system  is  ap- 
proaching the  solar  system  at  the  rate  of  about  9  miles  per 
second.  In  1908  Frost  and  Lee  found  that  the  other  com- 
ponent of  Mizar  is  also  a  spectroscopic  binary  of  the  type 
in  which  the  sped  rum  of  only  one  star  of  the  pair  is  visible. 
In  1908  Frost  announced  that  Alcor  is  a  spectroscopic  binary 
of  short  period  in  which  both  spectra  are  observable.  There- 
fore Mizar  is  a  visual  double  each  of  whose  components  is  a 
spectroscopic  binary,  and  the  neighboring  Alcor  is  also  a 
binary. 

Spica,  One  of  the  earliest  known  spectroscopic  binaries 
is  the  first-magnitude  star  Spica  whose  spectral  lines  were 
found  to  varj'  by  Vogrl  in  1890.  The  spectrum  of  the 
fainter  component  has  also  been  observed.  The  period  of 
the  pair  is  4  days,  their  mean  distance  from  each  other  is 
about  1 1.000,000  miles,  and  their  ma.s.scs  (neglecting  the  pos- 
sible reduction  due  to  the  inclination  of  their  orbit)  are 
respectively  9.6  and  5.8  times  that  of  the  sun.  This  system 
is  receding  from  the  sun  at  about  1.2  miles  per  second. 

Capella.  The  first-magnitude  star  Capella  is  a  spectro- 
scopic binary,  the  spectra  of  both  stars  being  visible,  in  which 
the  period  is  104  days  and  the  mean  distance  (possibly  much 
reducefi  by  the  inclination  of  the  plane  of  the  orbit)  about 
50,000,000  miles.  With  these  data  the  masses  of  this  pair 
are  found  to  be  at  least  1.2  and  0.9  that  of  the  sun.  This 
orbit  has  a  very  small  eccentricity.  These  stars  are  re- 
ceding from  the  solar  system  at  the  rate  of  nearly  20  miles 
per  second.  The  parallax  of  Capella  has  been  investigated 
with  the  utmost  care  by  Elkin,  who  found  for  it  0".09,  cor- 
responding to  a  distance  of  11  parsecs.  At  that  distance 
the  sun  would  be  only  -^  as  bright  as  Capella,  or  approxi- 
mately of  the  fifth  magnitude.  Since  the  spectrum  of 
Capella  is  almost  exactly  the  same  as  that  of  the  sun,  which 
naturally  leads  to  the  conclusion  that  the  temperature  and 
surface  brightness  of  Capella  are  approximately  equal   to 
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those  of  the  sun,  it  seems  probjible  that  the  orbit  of  the  pair 
is  so  iiK'lined  that  the  eomputeci  nuisscs  are  much  too  small. 

Polaris.  The  pole  star  has  two  darker  companions  dis- 
covered spoctroscopically  by  Campbell  in  1889.  One  is  veiy 
close  to  the  bright  star  and  revolves  around  it  in  a  period  of 
a  Uttle  less  than  4  days,  while  the  second  companion  is  much 
more  distant  and  requires  about  12  years  t«  complete  a 
revolution.  These  stars  arc  all  quite  distinct  from  the  faint 
telescopic  companion  to  Polaris. 

Alpha  Centauri.  Alpha  Centauri  is  at  the  same  time  a 
visual  and  a  spectroscopic  binary.  Moreover,  its  parallax 
has  been  very  accurately  determined  by  direct  means,  so 
that  the  actual  di.stance  f)f  the  components  from  each  other 
and  their  masses  can  be  determined  (Table  XVIII).  Since 
the  same  results  can  be  determined  spcctroscopically,  their 
comparison  affords  a  valuable  check  on  the  accuracy  of  the 
results.  The  spectroscopic  data  were  obtained  by  Wright 
at  the  branch  of  the  Lick  Observatory  in  South  America, 
and  the  results  obtained  from  them  agree  almost  exactly 
with  those  bused  on  other  niethods.  But  the  spectroscope 
gives  the  additional  fact,  which  eamiot  be  determined  other- 
wise, that  Alpha  rentauri  is  approaching  the  sun  at  the  rate 
of  13.8  tnili's  per  second. 

287.  Variable  Stars.  —  A  star  whose  brightness  changes 
is  said  to  be  !i  variable.  The  first  known  varial>le,  Omicron 
Ceti,  was  discovered  by  Fabricius  in  1596.  The  variability 
of  Algol  was  definitely  announced  by  Goodricke  in  1783, 
though  it  seems  to  have  been  noticed  a  century  earlier. 
The  following  year  he  recorded  the  variability  of  Beta  Lyjie. 
But  variable  stars  were  not  discovered  in  any  considerable 
numbers  until  toward  the  dose  of  the  nineteenth  century. 
Now  more  than  301X)  of  these  objects  arc  known  in  addition 
to  those  whidi  have  been  found  in  considerable  numbers  in 
some  of  the  globular  star  clusters.  Some  of  them  vary  regu- 
larly and  periodicallj',  with  periods  ranging  fi-om  less  than  a 
day  to  more  than  two  years ;  others  vary  kve^WA^  ■<»oJCok- 
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out  any  apparent  rule  or  order.  Some  flash  out  brilliantly 
for  a  short  time  and  then  sink  back  more  slowly  into  per- 
manent oblivion.  It  is  certain  that  the  brightn('.s.s  of  every 
star  varie.s  slowly  because  of  its  changing  ilistance  from  the 
sun,  if  for  no  other  reason,  but  there  is  no  observational 
evidence  of  a  rhaiige  for  thi.s  rea.'<nii. 

Variable  stai'v  are  cla'<sififil  according  to  the  peculiarities 
of  their  light  changes,  and  the  principal  types  are  enumerated 
in  Iho  following  articles.  It  must  be  renionibcrcd,  however, 
tliat  variable  stars  are  strange  objects  which  present  nu- 
merous exceptions  io  all  rules. 

288.  Eclipsing  Variables.  —  If  the  plane  of  the  orbit  of  a 
binary  [lair  passes  very  nearly  tliroiigh  the  earth,  the  stars 

partially  or  to- 
tally eclipse  each 
other  every  time 
they  are  in  a  line 
with  the  earth. 
If  one  of  the  two 
is  a  dark  star  and 
nearly  !vs  large  as 
the  bright  one,  it 
is  clear  that  the 
light    receive<l 

Lislil  c'Un-e  of  Ijijicul  ecliiwint;  variable    from  the  pair  will 
stiir.  .  .        . 

remam  constant 
except  when  the  brighter  star  Ls  eclipsed.  As  the  dark  star 
begins  to  eclii)se  the  brighter  one,  the  light  duiiijiishes  very 
rapidly  until  the  time  of  greatest  obscuration,  after  which  as 
a  niie  the  star  rapidly  regains  its  nomial  brightness.  How- 
ever, in  some  ca.ses  the  dark  star  is  verj'  large  so  that  the 
eclipse  persists  for  a  considerable  time,  and  then  the  variable 
remains  at  minimum  for  a  few  minutes  or  possibly  a  few 
hours. 

The  variability  in  the  brightness  of  a  star  is  represented 
by  a  curve.     In  Fig.  175  the  curve  for  a  typical  eclipsing 
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variable  is  given.  The  time  is  inarked  ofT  aloti^  Hie  hori- 
zontiil  axis  and  the  brightness  of  the  .star  is  iJii»j)ottii)niil  to 
tlie  di-stanee  of  tlie  curve  above  tliis  a.xi.s.  The  jiart.s  marked 
a  ^ive  the  brightness  when  the  .star  shines  uiuhmnied  by  an 
eelipse,  the  point.s  6  arc  where  the  lijjht  begins  to  wane  as 
tiic  eclipse  coiniiiences,  and  the  [joints  c  indicate  the  bright- 
ne8.s  at  the  moment  of  greatest  obscuration.  If  the  faintir 
star  is  somewhat  luminous  in.stead  of  being  entirely  dark, 
there  will  be  a  secondary  and  less  ])ronounced  niinimuin. 

The  typical  eclipsing  variable  in  which  one  c«miponent  is 
dark  is  Algol  (Beta  Persei),  whose  light  eurve  is  essentially 
the  wune  a.s  that  given  in  Fig.  175.  About  HKJ  stai's  of  this 
ty|K'  are  known,  and  they  are  often  called  Algol  varial)le«. 
They  arc  charaeterizeil  by  the  shortness  of  their  periods, 
many  of  which  are  le.ss  than  5  days  and  only  12  nf  which 
are  longer  than  10  days,  and  by  the  regularity  of  theii-  light 
curves.  Doubtless  the  explanation  of  their  short  periods 
is  that  wlien  the  two  stars  are  ftir  afiart  they  do  not  eclipse 
one  another,  even  partially,  unless  the  [ihme  of  tlu-ir  motion 
pa.sses  very  exactly  through  the  earth. 

Eclipsing  varial>les  are.  necessarily  spectrn.seopic  binary 
stars.  It  increases  our  confidence  in  both  the  methods  and 
the  interpretations  to  finti  that  the  data  obtaine<l  in  tho 
two  distinct  ways  are  i>erfectly  in  accord.  It  is  not  to  be 
inferred  from  this  that  the  data  are  coextensive.  The  specr 
troscope  furnishes  the  velocity  and  therefore  the  dimensions 
and  ma.ss  of  the  system,  csitecially  when  both  stars  are  lumi- 
nous. From  the  tluration  of  the  eeUiises  the  dimensions  ef 
the  stars  can  be  found.  Since  their  miisses  are  known,  their 
den.sities  can  then  be  ci)mputed.  It  lias  In-en  found  by 
Russell,  Shapley,  and  other  a-sti-onomei-s  that  tlie  mean  den- 
sity of  the  variable  stars  for  which  there  are  sufficient  obser- 
vational data  is  about  one  eiglith  that  of  the  sun.  This  is  a 
remarkable  result  in  view  of  the  fact  that  usually  one  of  the 
pair  is  very  dark,  and,  according  to  current  doctrine,  in  a 
condensed  state  approaching  extinction.     It  should  be  added 


518    AN    INTRODUCTION    TO   ASTUONOMY   [ch.  xui,  288 


thiit  ill  the  case  where  there  is  a  single  minimum  the  result 
depends  upon  an  assumption  ws  to  the  relative  densities  of 
the  components,  and  consequently  may  be  considerably  in 
error. 

The  period  of  Algol  is  2  d.  20  h.  48  m.  55  s.  It  is  normall)' 
u  star  of  the  second  msij^itude,  hut  at  the  time  of  eclijwe  it 
loses  five  sixths  of  its  light.  In  1889  V'ogel  di-scovered  that 
it  is  a  spectroscopic  binary.  He  found  that  the  combined 
mass  of  the  system  is  two  thirds  that  of  the  sun,  the  bright 
star  has  twice  the  mass  of  the  daikcr  one,  the  distance  be- 
tween their  centers  is  about  3,fM}0,000  miles,  the  diameters 
of  the  stai-s  are  about  l,(K>n,(HH)  :it)d  800,000  miles,  and  their 
density  is  about  one  fourth  that  of  the  sun.  Schlesingcr 
found  that  for  the  similar  system  Delta  LdbrtB  the  density  is 
also  one  fourth  that  of  the  sun. 

There  are  several  variatiDiis  from  the  normal  Algol 
variable.  In  one  the  stars  are  of  unequal  size  and  both 
bright.  Then  each  eclipses  the  otlier.  I)ut  the  loss  of  light 
is  different  in  (he  two  echpses,  and  the  light  curve  has  two 
minima  of  different  depths.  There  are  often  irregularities 
which  have  not  yet  been  ex])liiiiietl.  Sometimes  the  periods 
iucrea.'^e  slightly  for  a  number  of  years  and  then  decrease 
again,  showing  |X)ssibly  the  presence  of  a  third  body.  Some- 
times the  minima  as  determined  photographically  do  not 
occur  at  tlie  times  found  liy  visual  observations. 

289.  Variable  Stars  of  the  Beta  Lyrse  Type.  —  Variable 
stars  of  the  Beta  Lyras  type  are  closely  related  to  tliose 
which  have  b<H-n  considered ;  in  fact,  the  (Ustincti<m  between 
the  two  classes  seems  to  be  disappearing.  Their  light  varies 
continuously  from  maximum  to  minimum  and  back  to  maxi- 
mum again.  The  maxima  are  all  equal,  but  ;is  a  nde  there 
are  two  imequal  minima.  The  standard  star  of  this  class  is 
Beta  LyrsB  (F"ig.  176),  which  is  one  of  the  earliest  known 
variables  and  gives  the  class  its  name. 

The  explanation  of  the  Beta  Lyrse  variables  is  that  they 
consist  of  two  stars  revolving  in  such  small  orbits  compared 
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to  their  dimensions  that  tlio  intervals  in  which  neiliier  oh- 

scures  the  other  are   very  short.     While  this  explanation 

satisfies  the  phenomcn.'i  in  a  geuenil  way,  there  are  many 

trouhles  in  eoniieetion  with  tlie  details.     For  example,  ahout 

a  dozen  minor  variations  in  the  light  curve  of  Beta  Lyrse 

have  been  delected,  or  at  least  strongly  suspected.  Moreover, 

the  speetroseopic 

data    are    often 

puzzling.      But, 

on     the     whole, 

astronomers   are 

satisfied  that  the 

eclipse    e.xplana- 

tion  is  the   true 

one,  and  the  gap 

between  the  Ught 

curs'es    of  Algol 

and  Beta  Lyr£e  is 

gradually    being 

filled.    In  fact,  Shapley  includes  many  stars  of  the  Beta  Lyrse 

type  among  eelipsing  vaniibles  of  the  Algol  type. 

290.  Variable  Stars  of  the  Delta  Cephei  Type.  —  The  star 
Delta  Cephei  has  given  its  name  to  a  third  class  of  variables. 
In  these  stars  the  light  curves  are  jyerindic  with  periods  rang- 
ing from  a  few  hours  iu  4")  days.  But  that  which  particu- 
larly characterizes  these  stars  is  that  they  increase  very 
rapidly  in  brightness  from  minimum  to  maximum,  and  then 
decline  much  more  slowly  with  many  minor  irregularities 
modifying  the  gradual  diminution  in  brightness.  The  char- 
acteristic's of  their  ligfit  curves  are  given  in  Fig.  177.  There 
are  a  few,  however,  known  as  the  (leminids  after  Alpha 
Geminorum,  whose  light  curves  are  nearly  symmetrical  with 
respect  to  their  maxima. 

The  ex|>lanation  of  the  Cephoid  variables  has  been  a  very 
puzzling  problem.  Clearly  their  light  changes  are  not  ordi- 
nary eclipse  phenomena,  but  their  spectral  hnes  shift  periodi- 


Fio.   170.  —  Light  euivp  o(  a  v-nriahle  star  of  the 
Beta  LyrjB  type. 
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caDy  with  the  periods  of  their  light  varititiona.  The  natural 
oonduflioo  has  been  that  they  are  spectroscttpir  binaries  iind 
that  the  changes  in  light  are  ahnormal  eclipse  phenomena. 
While  the  light  changes  and  spectral  shifts  agree  in  jieriod, 
th^  abeolutdy  disagree  in  phase.  That  is,  interpretiiig 
the  iq)ectro8(»pic  data  in  tiie  ordinary  way,  these  stars  an 
brightest  when  the  ptindpal  stars  are  f^iproaching  the 
observer  and  faintest  when  they  are  receding,  instead  of 
having  thdr  minima  when  they  are  eclipsed.  Evidently 
there  are  inconastencies  in  the  interpretations,  and  it  is 
questionable  whether  eclipses  have  anything  iiiiatever  to  do 

with  the  lif^t  va- 
riations of  these 
stars.  A  number 
of  other  explana- 
tions have  been 
suggested,  the 
most  plausible  of 
which  is  that  the 
light  variations 
are  due  to  in- 
ternal oscillar 
tions  of  the  stars 
produced  per- 
haps by  collisions  with  masses  of  planetary  dimensions.  It 
has  been  found  that  very  moderate  oscillations  would  account 
for  the  variations  in  the  rates  of  radiation.  According  to 
this  hypothesis,  the  shifts  of  the  spectral  lines  are  produced 
partly  by  internal  motions  of  the  stars  and  partly  by  the 
effects  of  alterations  in  pressure  of  the  radiating  parts. 

291.  Variable  Stars  of  Long  Period.  —  A  majority  of 
variable  stars  belong  to  the  class  whose  periods  range  from 
50  to  several  hundred  days.  They  are  not  periodic  in  the 
strict  use  of  the  term  which  is  applicable  to  the  Algol  variables, 
yet  their  light  varies  in  an  approximately  periodic  manner. 
But  the  intervals  between  maxima,  or  between  minima,  are 
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sulijfct  ti)  some  irrcgularilios,  and  their  luminosities  at  cor- 
rcspuiiiiiug  phases  nvr  In-  no  means  always  the  satnc. 

The  best-known  star  of  thia  class  is  Omicron  Ceti,  the 
first  known  vaiiable.  It  hn.s  been  observed  through  moi-e 
than  300  of  its  cycles,  an<i  yet  it  has  not  been  found  jwssible 
to  formulate  any  law  describing  accurately  its  light  varia- 
tions. Its  mauina  and  its  minima  are  sul)jeet  to  as  great 
irregularities  as  the  intervals  i>etween  eorrespjnding  phases. 
In  1779  William  Herschel  saw  it  when  it  was  nearly  as  bright 
as  Aldebaran,  while  4  years  later  it  was  not  visible  even 
through  his  telescope.  This  means  that  it  was  at  least  10, Ot© 
times  as  bright 
at  its  maximum 
OS  ut  that  par- 
ticular mini- 
mum. Ordinarily 
its  ma.xiinum  is 
much  below  that 
ftbserved  by  Her- 
schel in  1779, 
and  its  minimum 
is  eon.siderably 
above  the  limit 
of  visibility  with 
his  telescope.  Omicnm  Ceti  was  called  Mirn.  the  wonderful, 
and  3(KI  years  of  observation  have  only  added  to  the  mysteries 
associated  with  its  peculiar  liehawir. 

The  general  characteristics  of  the  light  curves  of  variable 
stars  of  long  periotl  is  a  slow,  but  gradually  accelerated, 
increase  in  brightness  followed  by  a  much  more  grailual 
decline.  The  s|M'ctroscope  shows  marknl  changes  in  their 
Bjjectra,  but  no  evidence  of  their  l>eing  .sinrtroscopic 
binaries.  They  are  nearly  all  red  and  are  probably  of  not 
very  high  temperatures.  The  cause  of  their  variation 
seems  to  lie  within  the  stars  themselves,  yet  it  is  difficult 
to  imapne  any  interaal  disturbances  which  would  V5«*»R» 
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the  remarkable  fluctuations  which  are  observed  in  many 
stars  of  this  class. 

292.  Irregular  Variable  Stars.  —  In  addititm  to  the  classes 
of  variable  stars  so  far  eininieratod,  tht-re  are  others  whose 
variations  have  no  semblance  of  periodicity.  Some  flash 
out  with  relatively  great  brilliancy  after  intervals  usually 
counted  in  yeai's.  These  stars  are  generally,  if  not  always, 
red.  Others  unaccountably  fiule  away  now  and  then  and 
sometimes  become  invi.sil>lc  through  gootl  telescopes,  even 
though  they  had  l)e<'n  ordinarily  visible  with  the  unaided  eye. 
These  stars  are  sometimes  associateil,  at  least  apparently, 
with  faint  nebulous  tna.'N'^es. 

293.  Cluster  Variables.  —  A  very  interesting  and  im- 
portant discovery  was  made  in  the  last  decade  of  the  nine- 
teenth century  by  Bailey  at  the  South  American  branch  of 
the  Harvard  Olwcfvatorj'.  He  found  that  in  the  great 
globular  cluster,  Omega  Centauri,  125  stare  were  variable 
out  of  the  3000  which  he  examined.  He  and  other  a.stron- 
omers  have  I'uutid  similar  variables  in  many  other  globular 
star  clusters.  In  a  given  cluster  the  range  of  variability  is 
nearly  the  .same,  usually  a  magnitude  or  two,  the  character 
of  the  light  variation  is  essentialh'  tin-  ,-iame,  and  the  periods 
are  approximately  the  same,  generally  leas  than  24  hours. 
Their  light  curves  are  dostOy  similar  io  those  of  the  variables 
of  the  Delta  C'ephei  type,  and  it  is  nuilly  a  question  whether 
the  cluster  variables  should  be  considennl  a  separate  class. 
The  brightneivs  increases  with  great  rapidity  from  their 
mininnun  to  a  luniinusity  at  maximum  From  two  to  six  times 
as  great.  Then  they  diminish  iii  brightness  much  more 
slowly  to  their  niiiiimutn,  at  which  they  remain  nearly 
stationary  foi-  a  few  bonis  at  most. 

The  approximately  equal  p<>riotU  and  range  of  variation 
of  the  cluster  variables  indic.-ite  that  they  arc  verj'  much 
alike  in  s])ite  of  the  enormous  di.stanci-s  which  separate-  them. 
Possibly  they  were  once  much  more  alike  and  now  differ  to 
some  ejctent  because  of  slightly  different  courses  of  evolu- 
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tion  or  present  environment.  Or,  possibly,  though  not 
probably,  there  is  some  great  common  cause  for  their  changes, 
a  force  causing  pulsations  in  scares  of  stars  distrihutcri  widely 
throughout  the  clusters.  Altliougli  nearly  201H)  of  these 
objects  have  already  been  discoverwl  and  studied,  astrono- 
mers have  no  idea  ns  to  the  reasons  for  their  peculiarities, 

294.  Temporary  Stars. — Occa.siunally  stars  have  been 
observed  to  blaze  forth  in  parts  of  the  sky  (mostly  in  the 
Milky  Way)  where  none  had  previously  been  seen,  and  then 
to  sink  away  into  obscurity  in  the  ciiurse  of  a  few  weeks  or 
months.  They  are  characterized  by  a  sudden  rise  to  one 
great  maxinuim  of  brilliancy  which,  notwithstanding  later 
temporary  iin'rea-ses,  is  never  reijcated.  One  of  the  most 
remarkable  of  these  stars  of  which  there  are  any  records 
blazed  out  in  f 'assiopeia  in  1572  and  wa-s  for  a  time  as  bright 
as  Venus.  This  is  the  star  which  attracted  the  attention  of 
Tycho  Brahe  and  turned  him  to  astronomy.  The  interest  of 
Kepler  also  was  stimulated  by  the  discovery  of  a  temporary' 
star  in  Ophiuchus  in  lfX)4.  At  it.s  maximum  it  wfis  as  bril- 
liant as  Jupiter.  It  must  not  be  supposMl  all  temporary 
stars  are  so  brilliant,  for  only  a  few  rise  to  such  splendor. 

In  recent  times  the  tunnber  of  tenijiorarj'  stars  discovered 
has  greatly  increased,  both  because  more  observers  are 
scanning  the  sky  than  ever  before,  and  more  especially  be- 
cause they  are  now  recorded  bj-  |)hotography.  In  the  last 
30  years  19  of  these  objects  have  been  discovered,  15  of 
which  were  found  first  on  the  photographic  record  of  the  .sky 
which  is  Iteing  secured  at  tlie  Harvard  College  Observatory. 
Only  10  of  these  stars  were  discovered  from  1572  to  1886, 
when  the  i^hotfigraphy  of  the  sky  was  first  systematically 
begun  at  Harvard. 

Temfx>rary  stars  are  calle<l  novw,  or  new  stars.  A  de- 
scription of  one  of  them  will  give  a  good  idea  of  the  charac- 
teristics of  all  of  them.  One  of  the  most  interesting  and  best 
studied  novse  of  recent  times  is  the  one  discovered  by  Ander- 
son, February  22,  1901,  in  Perseus.     On  the  23d  of  February 
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it  was  brighter  than  C'applla,  while  an  examination  of  the 
photographs  of  the  region  taken  Ijy  Pickering  and  by  Stanley 
WUfiams  showf-d  tliat  on  the  19th  it  was  not  brighter  than 
the  12th  magnitude.  In  tht;  short  space  of  four  days  its 
rate  of  radiation  had  increased  more  than  20,000  foML 
Twenty-four  hours  later  it  lost  one  third  of  its  E^t,  and 
within  a  year  it  had  dwindled  to  the  12tii  magnitade,  or  i^ar 
the  limitB  of  visibility  witii  a  tdesoope  (rf  omudderatde  power. 
Its  lif^t  curve  for  the  first  three  months  after  its  maximum 

is  shown  in  Fig. 
179. 

ThecfaansBsin 
tiiecpeotraofthe. 
nov»  are  as  re- 
markable as  thdr 
changes  in  lumi- 
nosity. Very 
early  in  their  de- 
velopment they 
have  (at  least  in 
ca^e  of  those 
stars  which  were  observed  early)  dark-line  spectra.  Shortly 
thereafter  bright  lines  appear.  In  the  case  of  Nova  Aurigs, 
discovered  in  1892,  and  the  first  temporary  star  whose  spec- 
trum was  examined  in  any  detail,  the  dark  lines  and  bright 
lines  were  both  visible  at  one  time.  The  displacement  of  the 
bright  lines  showed,  on  the  basis  of  the  Doppler-Fizeau 
principle,  a  velocity  away  from  the  earth  of  over  200  miles  per 
second,  while  the  dark  lines  showed,  on  the  same  basis,  an 
approach  toward  the  earth  of  more  than  300  miles  per  second. 
There  are  abundant  grounds  for  doubting  the  correctness  of 
this  interpretation,  but  no  satisfactory  explanation  is  at  hand. 
These  phenomena  are  characteristic  of  novse  in  general.  As 
they  become  fainter  the  dark  lines  vanish  and  the  bright  lines 
characteristic  of  nebula  appear,  except  that  in  the  novn  they 
are  broad  while  they  are  narrow  in  the  nebute. 
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Fio.  179.  —  Light  curve  of  Nova  Peraei. 
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The  most  interesting  thing  observed  in  eonnection  with 
Nova  Porsei  wiis  the  ufbulous  mutter  whieh  wjis  later  found 
around  it.  Its  existence  was  first  shown  on  photographs  by 
Wolf  taken  August  22  :ind  23,  1901.  Later  photographs  by 
Perrine  and  liitcliey  siiowed  that  it  was  gra<hially  becoming 
vi.sible  a(  inereasing  ili.stanees  from  the  star.  It  looked  as 
though  the  star  had  cjeeted  luminous  matter,  liut  it  W5is" 
found  on  eomputation  tliat,  if  this  w(>re  the  eorreet  expUiua- 
tion,  the  expelled  matter  must  have  been  leaving  the  star 


Fiu. 


180.- — Nfliulosity  .•furrouiuliinj   Novo  Pcrsei  on  S 
1901.      Photooraphcd  by  Rilchcy  al  Ihc  Yrrkv, 


I  Nov.  13. 


with  about  the  veloeity  of  light.     This,  of  course,  is  improl)- 
able  if  not  impossible. 

The  tem]>orar}'  .stars  <lemaiid  exjilanation.  The  theory 
was  suggested  by  Kapteyn  anti  W.  E.  Wilson,  and  e.xpounded 
in  detail  by  SeeUger,  that  there  is  invisible  nebulous  or 
meteoric  matter  hing  in  various  parts  of  space,  particu- 
larly in  the  region  occupied  Uy  the  Milky  Way  (there  is  con- 
firmatory evidence  of  this  hypothesis) ;  that  there  are  dark 
or  ver>'  faint  stars  (('(tnfirmetl  l\v  phenomena  of  eclipse 
variables)  ;  thai  the  dark  stars,  rushing  through  the  nebulaa, 
blaze  into  incandescence  as  meteors  glow  when  they  enter 
the  earth's  atmosphere ;  that  the  heating  is  only  superficial 
and  quickly  dies  away,  to  be  partially  revived  once  or  twice 
by  encounters  of  the  stars  with  stray  nebubua  w.*^',  «s>.«^ 
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that  the  nebulous  ring  observed  around  Nova  Persei  became 
visible  as  it  was  illuminated  by  the  light  from  the  star  itself. 

The  explanation  of  KaptejTi  at  first  seems  plausible,  but 
there  arc  serious  objections  to  it.  In  the  first  place,  the 
photographs  of  Nova  Persei  indicate  strongly  that  the  ex- 
pandinp;  nebulous  ring  surrounding  it  was  due  to  something 
actually  moving  out  radially  from  the  star.  In  the  second 
place,  the  density  of  the  nebula  demanded  to  account  for 
the  enormous  rise  in  lutninositj'  is  impos.sil)ly  high.  In  the 
third  place,  the  fact  tliat  the  star  stays  at  its  maximum  only 
a  very  short  time  implies  a  nebula  whose  thickness  is  in- 
credibly small. 

Lindemann  has  developed  the  hypothesis  that  novje  are 
produced  by  collisions  of  stars  with  stars.  If  one  star  should 
encounter  another  in  central  collision  with  the  great  speed 
at  which  they  would  move  as  a  consequence  of  their  initial 
motion  and  mutual  gravitation,  the  heat  generated  would 
be  enormous.  If  they  were  of  equal  mass  and  started  from. 
rest,  the  heat  developed  would  be  five  sixths  of  that 
which  would  be  generated,  according  to  the  principles  of 
Helinholtz,  by  the  contraction  of  both  of  them  from  infinite 
expansion.  This  heat  would  be  developed  in  a  few  hours, 
or  days  at  the  most,  and  the  temperature  of  the  combined 
ma.s8  would  rise  enormously.  But  with  increase  of  tem- 
perature there  would  be  corresponding  expansion,  which 
would  result  in  a  diminution  of  the  temperature.  If  the 
stars  were  f)riginally  gat^eons,  the  final  temperature  after 
expansion  would  be  lower  than  that  before  collision  because 
the  conditions  are  the  opposite  of  those  in  Lane's  law  (Art. 
216),  according  to  which  the  temperature  of  a  gaseous  staTj 
increases  as  it  loses  heat  by  radiation  and  contracts.  Or, 
stated  directly,  if  heat  could  be  applied  to  a  gaseous  star  by 
radiation  or  otherwise,  it  would  expand  and  increase  its 
ptjtenlial  energy  at  the  expense,  not  only  of  all  the  heat  sup- 
plied, but  also  partly  at  the  expense  of  that  which  it  already 
possessed. 
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While  in  a  general  way  the  collision  theory  of  the  origin 
of  nova3  corresponds  with  the  observations,  it  is  not  without 
difficulties.  Obviously,  actual  collisions  of  stars  would  be 
excessively  rare  phenomena.  Liiideniaiin  finds  that  in 
order  to  account  for  the  observed  number  of  temporary 
stars  there  must  be  about  4000  times  as  many  dark  stars  as 
there  are  brij^ht  ones.  Such  a.  large  number  of  obscure 
masses  would  radically  modify  the  dynamics  of  the  stellar 
system  (Art.  279) ;  and  it  is  generally  regarded  as  improb- 
able that  .so  many  of  them  exist. 

295.  The  Spectra  of  the  Stars.  —  The  spectra  of  the  stars 
differ  as  greatly  as  their  colors.  They  were  first  classified 
in   1863.  by  Seechi,  who  divided  them  into  four  groups. 


I 


Flo.   ISl.  —  The  spectrum  of  Siriux  (Secchi'u  Type  I). 

While  more  powerful  instruments  have  shown  many  new 
facts  and  have  made  it  necessary  to  add  many  new  suIj- 
classes,  the  four  types  described  by  Seechi  still  form  a  general 
basis  for  classification.  A  more  detailed  classification,  which 
is  now  much  used,  was  devised  by  E.  C.  Pickering,  Miss 
Maury,  Mrs.  Fleming,  and  Miss  Cannon  iu  connection  with 
the  great  photographic  survey  of  stellar  spectra  which  is 
being  made  at  the  Harvard  College  Observatory. 

Type  I.  Stars  of  Secchi's  first  type  are  blue  or  bluish 
white.  Examples  are  Sirius,  Vega,  and  all  bright  stars  in 
the  Big  Dipper  except  the  first  one.  Nearly  half  of  all  stars 
examined  are  of  this  type.  Their  spectra  are  brightest 
toward  the  violet  end,  indicating  presumably  that  they  are 
at  high  temperatures.  The  spectrum  of  Sirius  is  shown  in. 
Fig.  181. 
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TjTic  I,  in  Sccchi's  system,  includos  Tjpes  B  and  A  of 
the  Han'ard  system.  Type  B  is  often  called  the  Orion  type 
bentusc  of  the'  abuiidanfe  of  these  stars  in  Orion,  or  tlic 
helium  type,  lieean.se  tlieahsorption  lines  are  due  ahnost. 
entirely  to  hfiiuiii,  while  the  nietuUin  lines  whieh  are  ehar- 
aoteristic  of  the  sun's  spectrum  are  absent.  The  Type  A. 
or  Sirian  stars,  are  characterized  by  strong  hvfbi»|rpn  <iti«ii rp- 
tion  lines  in  their  spectra,  and  almost  complete  absence  of 
metallic  lines. 

Type  II.  The  stars  of  the  second  type  are  somewhat 
yellowish  ;  they  are  called  solar  stars  because  their  spectra  are 


^^^^^A^^^    > 
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S|joclruni  of  Bolu  Geiniiiomm  (Harvrtnl  (.'Liss  K).    I'l>utugrni>h"t 
at  thr  Ycrkei  Uhmnnlury. 


similar  to  that  of  the  sun.  That  is,  the  lines  of  helium  are 
absent,  the  lines  of  hydrogen  are  still  present,  and  there 
are  many  fine  metalhc  lines.  The  stars  of  the  second  type 
are  about  as  nunierou.s  us  those  of  the  first  tj'ix-. 

Secchi's  second  ty|X'  includes  three  cla»s(?8  of  the  Har\'ard 
system.  Those  neari-st  like  the  Sirian  stars  are  called  Type 
F,  or  the  calciinn  type.  In  their  spc<-tra  the  hydrogen  lines 
are  still  coiisjhcuoiis,  though  somewhat  reilucetl  in  density, 
anil  two  lines,  known  as  H  and  K,  due  to  calcium  have 
become  conspicuous.  Following  the  clji.ss  F  is  the  class  G, 
of  which  the  sun  is  a  typical  member.  Then  come  the  stars 
of  Type  K,  of  which  Beta  Geminorum  and  Arcturus  are  e.x- 
amj)les,  in  which  the  intensit}^  of  the  hydrogen  lines  is  rr- 
dueed  until  they  are  Veaa  conspicuous  than  some  of  the 
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metallic  lines.     The  spectra  of  these  stars  are  given  in  Figs. 
182  and  183. 

Type  III.  Stars  of  the  third  type  are  red,  and  the  two 
most  ronspiruous  examples  of  them  are  Ant  ares  and  Betel- 
geuze.  Only  about  500  of  these  .stars  are  known,  and  many 
of  them  are  variahle.  Their  .'^peetra  show  heavy  absorption 
bands,  duo  almost  entirely  to  titanium  oxide,  whieh  are 
.sharp  on  their  borders  toward  the  violet  and  whirh  gradually 
fade  away  toward  the  red.  The  fart  thai  a  eompound  exists 
in  these  stars  indicates  that  their  temperatures  are  lower 
than  those  of  Types  I  and  II.  The  same  thing  is  indicated 
by  their  colors  in  accordance  with  the  first  l.-nv  of  spectrum 
analysis  (.Art.  223).  In  all  known  cases  they  have  very  small 
proi>er  motions,  which  means  that  they  are  immensely  re- 


FiG.  183.  —  Spectrum  of  Arctuni> 
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mote  from  the  sun.  Hence  such  brilliant  stars  as  Antares 
and  Betelgeuze,  who.se  light  is  largely  absorbed,  must  be 
enormous  objects.  They  are  almost  certainly  many  thou- 
sand times  greater  in  volume  than  our  own  sun. 

The  .stars  of  Secchi's  third  type  are  of  Type  M  in  the 
Harvard  .system.  They  are  divided  into  two  chief  sub- 
classes, Ma  and  Mb ;  a  third  subclass  Md  inckuies  the  long- 
period  variable  stars  whose  spectra  show  bright  hydrogen 
lines  in  ad<iition  to  the  bands  characteristic  of  the  whole  type. 

Type  IV.  The  250  stars  of  Secchi's  fourth  type  are  all 
faint  and  of  a  deep  red  color.  Their  spectra  have  heavy 
absorption  bands,  or  flutings.  sharp  on  the  retl  side  and  in- 
definite on  the  violet,  being  in  this  re.spect  opposite  to  the 
stars  of  the  third  type.  The  absorption  bands  in  this  case 
are  probably  due  to  carbon  compounds.  These  star*  ft.fi  '«S>^ 
2ii 
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very  remote  from  the  sun,  and  nothing  is  known  of  their 
absolute  niagnitudes,  or  of  their  masses  and  dimensions. 

The  Wolf-Rnyd  Stam.  There  is  another  class  of  stars, 
discovered  in  1867  by  Wolf  and  Rayet  at  the  Paris  Observa- 
tory. They  are  Type  O,  having  five  subdivisions,  in  the 
Harvard  .system.  Their  spectra  consist  of  fairly  continuous 
backgrounds  on  which  are  superimposed  many  dark  lines 
and  bands,  some  few  of  which  are  due  to  helium  and  hydro- 
pen,  but  mo.'st  of  thcni  to  unknown  substances.  They  con- 
tain in  addition  many  bright  lines.  The  metallic  lines  of  the 
solar  spectrum  are  quite  unknown  in  these  stars.  Of  the 
more  than  100  st.nrs  of  this  type  so  far  discovered,  all  are 
situated  either  in  the  Milky  Way  or  in  the  Magellanic  Clouds 
in  the  southern  heavens,  which  have  most  of  the  characteris- 
tics of  the  Milky  Way. 

296.  Phenomena  Associated  with  Spectral  Types.  —  A 
large  number  of  phenomena  combine  to  show  that  the  classi- 
fication of  stars  according  to  their  spectra  is  on  a  funda- 
mental basis.  The  order  of  arrangement  from  the  simplest 
to  the  most  complex  spectra  is : 

Socohi's  Types :     Wolf-Rayet ;  I ;  II ;  III ;      IV. 

Harvard  Types :  O;  B,  A;       P.  G.  K;      M;       N. 

If  the  gaseous  nebulsB  were  inchided,  they  would  be  put 
ahead  of  the  Wolf-Rayet  stars.  There  is  a  fairly  continu- 
ous seqtience  of  spectra  from  Type  O  to  Type  M,  but  there 
is  an  abrupt  break  between  Types  M  and  N. 

The  principal  phenomena  which  are  associated  with  the 
spectral  types  and  which  agree  on  the  whole,  in  arranging 
the  stars  in  the  same  order,  are : 

(a)  The  average  radial  velocities  of  the  stars,  determined 
largely  at  the  Lick  Observatory  and  its  southern  branch, 
and  discussed  by  Campbell,  are  slowest  for  stars  of  Type  B 
and  increase  to  Tj'pe  M.  The  results,  as  given  by  Campbell, 
with  velocities  expressed  in  miles  per  second,  are  : 

Types:  B,      A,      P.      G,       K.       M.       Planetary  Nebuto. 

FeJocitios:    4.0,    6.8,    8.9,    9.3,    10.4,    10.6,  15.7 
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(b)  The  average  velocities  of  the  stare  across  the  line  of 
sight,  as  determined  by  Lewis  Boss,  show  a  similar  relation 
to  the  spectral  type.    The  results  are : 

Typos:  B,  A.  F.  O,  K.  M. 

Velocities:         3.9,         6.3,         10. 0,         11.5,         9.4,         10.6. 

These  results  together  with  those  (k'peiidiiip  roi  the  spectro- 
scope establish  the  fact  that  the  stars  of  Types  B  and  A 
move  on  the  average  only  about  half  as  fast  as  those  of 
Types  G,  K,  and  M. 

(c)  In  Kapteyn's  star-stream  I,  the  B  and  A  stars  are 
relatively  numerous,  the  F,  G,  and  K  stars  occur  less  fre- 
quently, and  the  red  stars  are  very  few  in  nuiidier.  In  the 
star-stream  II,  the  B  and  A  stars  are  not  numerous,  the  F, 
G,  and  K  stars  occur  in  relatively  great  numbers,  and  the 
M  stars  are  scarce. 

(d)  While  there  are  two  great  star^treams,  there  are  very 
many  divergencies  from  them  on  the  part  of  individual 
stars.  The  stars  of  Type  B  scarcely  show  the  star-stream- 
ing tendency,  those  of  Type  A  conform  verj'  closely  to  the 
two  streams,  and  succeeding  types  show  more  and  more  of 
heterogeneity  of  motion. 

(f)  On  considering  only  stars  brighter  than  magnitude  6.5 
80  as  not  to  have  the  results  Influenced  by  the  mjTiads  of 
remote  stars,  it  is  found  that  the  B  stars  are  10  times  as 
numerous  in  the  Milky  Way  as  near  it.s  poles,  the  A  stars 
are  less  strongly  condensed  in  the  Milky  Way,  and  finally, 
after  continuous  gradation  through  the  various  types,  the 
M  stars  are  scattered  uniformly  over  the  sky. 

(J)  For  a  given  magnitude  the  stars  of  Type  B  are  more 
remote  than  those  of  Type  A,  which,  in  turn,  are  more  re- 
mote than  those  succeeding  down  to  Type  G  ;  then,  beyond 
Type  G,  the  distances  increase  to  stars  of  Type  M,  whose 
distances  are  exceeded  only  by  the  B  stars.  This  means, 
of  course,  that  the  B  stars  are  most  luminous,  the  A  stars 
less  luminous,  the  G  stars  least  luminous,  while  the  M  stars 
are  more  liuninous  than  any  except  the  B  stare. 
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(g)  The  proportion  of  B  stars  wfaieh  are  speetrosoopic 
buiarieB  ie  large,  the  proportion'  is  leas  for  the  A  stan  and 
it  decreases  throu^  the  list  of  types  to  M. 

(A)  Lower  limits  to  the  combined  maases  of  spectroBCopic 
binaries  can  be  determined  (Art.  285).  The  average  mass 
of  those  of  Type  B  is  about  7.5  times  the  average  mass  of 
all  other  types. 

(t)  The  average  period  of  spectroscopic  binaries  of  IVpe  B 
is  very  short,  the  average  is  a  little  longer  for  stars  of  Type  A, 
and  increases  through  Tjrpes  F,  G,  K,  and  M. 

U)  The  ayarage  eccentricity  <tf  the  orbits  of  spectroscopic 
°    binaries  is  small  for  stars  of  Type  B,  is  larger  for  stars  of 
Type  A,  and  ia  increasingly  larger  for  stars  of  the  Types  F, 
O,  and  K,  in  order. 

297.  Evolution  of  the  Stars.  —  All  the  resources  of  science 
have  been  taxcil  to  the  utmost  in  attempting  to  discover  the 
present  constitution  and  properties  of  the  sidereal  system. 
At  the  host,  astronomers  have  barely  begun  to  explore  the 
.  wonders  of  that  part  of  infinite  space  which  is  within  the 
reach  of  modem  instruments.    Moreover,  their  observational 
experience  is  limited  to  a  moment  of  time  compared  with 
the  immense  ages  required  for  appreciable  changes  to  take 
place  in  the  heavenly  bodies.    Hence  it  may  seem  presump- 
tuous for  them  to  attempt  to  discover  the  mode,  or  modes, 
of  evolution  of  the  stars.    Any  theories  of  stellar  evolution 
that  may  be  developed  at  the  present  time  are  probably  no 
more  than  first  approximations,  and  they  may  be  entirely 
wrong. 
I      .Astronomers  almost  universally  hold  that  the  stars  have 
I  contractwl  from  the  nebute,  and  most  of  them  believe   '   '^ 
•A  with  increasing  age  they  have  gone,  or  are  now  goiuj 
«>ssively  an<l  in  owler  through  the  spectral  types 


l,G,K.  and  >r.    The  B  stars  are  of  \-er}-  high  temperature 

^  y^ pXM.  are  pmiring  out  radiant  energ>'  at  an  extravagant  rate. 

"^   After  they  ciwl  somewhat  it  is  supposed  that  they  become 

sfare  of  Type  A.    Their  spectra  are  supposed  to  be  simple 
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because  all  compounds,  and  possibly  some  elements,  are 
broken  up  and  dissociated  at  those  high  temperatures.  With 
further  loss  of  heat  they  are  stipposetl  to  pass  successively 
through  the  other  siK'utral  types  until,  at  tiic  M  stage,  com- 
pounds exist  in  their  atmospheres.  Beyond  the  M  stage  their 
light  diininisJK's  and  they  finally  become,  in  tlie  course  of 
time,  cold  and  dark,  and  they  remain  in  this  condition  unt-U, 
perhaps,  they  are  again  reduced  to  the  nebulous  state  by 
collision  with  other  stars.  All  the  forms  in  the  chain  from 
nebulae  to  relatively  dark  stars  arc  known  to  exist  from 
ob.scrvational  evidence.  The  numy  other  characteristics 
which  arrange  th(^  stars  in  nearly,  or  exactly,  the  same  order 
are  regarded  as  strongly  supporting  the  theory. 

The  theory  of  the  evolution  of  the  stars  has  strong  resem- 
blances to  the  Laplacian  theuiy  of  the  development  of  the 
solar  system.  Tliis  is  only  iiatma!  in  view  of  the  general 
acceptance  of  the  theorj'  of  Laplace  almost  up  to  the  present 
time.  As  additional  facts  have  lieen  iHscovered  they  have 
been  plaVed  in  this  scheme,  oftcTi  without  inquiring  if  they 
would  not  fit  as  well  in  some  other  theory, 

Laplace  started  with  an  intensely  heated  and  widely  ex- 
pantled  solar  nebula  and  he  supposed  that  it  has  cooled 
down  to  its  present  temperature.  Hohnholtz  supplemented 
and  corrected  this  theoiy  by  proving  that  contraction  would 
develop  an  enormous  amoimt  of  heat  and  greatly  retard  the 
process  of  cooling.  The  conclusions  of  Hclmholtz  have  been 
given  place  in  tiie  theor>'  of  the  evolution  of  the  stars.  Lane 
made  a  further  vciy  important  supi>lemeut  to  the  work  of 
Laplace  when  he  proved  that  if  a  body  in  a  monatomic  gas- 
eous state  contracts,  heat  is  produced  in  quantities  not  only 
sufficient  to  make  up  fur  that  which  had  iieen  radiated  away, 
but  also  sufficient  actually  to  increase  its  temperature.  In 
spite  of  the  fact  that  the  results  of  Lane  have  been  current 
for  almost  fifty  years,  tliey  have  often  been  ignored  in  their 
application  to  the  evolution  of  the  stars.  If  the  stars  of 
any  type  are  in  a  tenuous  monatomic  gaseous  conditioo.  iu^.d. 
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contract,  their  temperature  will  inevitably  rise  and  continue 
to  rise  until  they  cease  to  be  entirely  gaseous  and  nionatomic. 

Consequently,  if  the  stars  of  the  typos  B,  A,  F,  G,  K,  M 
are  in  the  onler  of  decreasing  temperature  and  are  gaseous, 
the  logical  conclusion  on  the  basis  of  the  supplements  to 
Laplace's  thiH>ry  is  that  the  evolution  proceeded  in  the  re- 
verse order.  Of  course,  the  stars  nmy  nut  all  Ije  completely 
gaseous.  This  has  given  rise  to  the  the<jry,  profwsed  by 
LockyiT  and  nni[)li{icd  and  ablj'  supptirted  by  Russell,  that 
the  nebula}  contract  into  tenuous  red  stars  of  Type  M  which 
have  low  temperatures;  with  loss  of  heat  they  contract, 
their  temperatures  rise,  their  spectra  become  simpler  until 
they  reach  their  cliuuix  in  Types  A  and  B;  after  this  they 
cease  to  be  completely  gaseous,  anil  with  increasing  conden- 
sation and  liquefaction,  their  temperatures  decline  and  their 
spectra  proceed  back  through  the  types  F,  G,  and  K  to  M. 
The  cogency  of  the  arguments  on  which  these  conclusions 
rest  cannot  be  denied,  and  many  observational  data  are 
quite  in  harmony  witfi  them.  But  there  are  also  some  things 
(for  example,  the  high  velocities  of  the  nebulae,  Art.  301) 
which  have  been  thought  to  be  strongly  opfxised  to  them. 
The  two  thiHiries  are  alike  in  starting  from  nebuke  and  end- 
ing witii  cold  and  lifeless  suns. 

298.  The  Tacit  Assumptions  of  the  Theories  of  Stellar 
Evolution.  —  In  every  theory  there  are  many  more  or  less 
tacit  assumptions,  some  of  which  may  be  of  great  impor- 
tance. It  has  been  found  by  a  large  amount  of  experience  that 
errors  more  frequently  enter  through  unexpressi'd  hypotheses 
than  in  any  other  way.  This  has  l>een  particularly  true  in 
mathematics  where  it  is  lelatively  easy  to  determine  pre- 
cisely the  location  of  the  error  that  has  been  made  in  any 
course  of  reasoning.  It  follows  that  one  of  the  best  ways  of 
avoiding  errors  is  to  express  fully  all  the  hypotheses  on 
which  reastining  is  biused.  And  quite  aside  from  this,  it  is 
useful  and  important  to  know  all  the  bases  on  which  con- 
cJusions  actually  rest.    Consequently,  the  tacit  and  imper- 
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fectly  pstiihtislipd  !issiiiu[ilinns  on  which  the  prpsont  theories 
of  sti'iUir  uvolution  arc  f<)Uin!»>d  will  be  enumerated ;  it  will 
be  found  that  at  the  present  time  most  of  them  must  remain 
simply  asRumptitms. 

(a)  1 1  h  assunu-d  thai  the  evnhUinn  of  the  stars  is  from  rteb- 
ula  to  detiM  bodies  and  not  in  the  opposite  directimi. 

The  best  evidence  in  sup]>ort  of  or  against  a  proposition 
is  usually  observational ;  when  observational  evitience  is 
larking,  we  must  resort  to  reascining  based  as  far  jis  [lossihle 
on  jmneiples  which  liave  been  establishevi  by  experience. 

There  is  as  yet  no  observational  <'viflence  thai  nebTitse  or 
stars  contract ;  observations  Imve  extended  over  so  short  a 
time  that  it  could  not  lie  expected.  On  the  other  himd,  in 
the  case  of  the  uovaa.  stars  are  observed  to  acquire  the  char- 
acteristics of  the  Wolf-Raj'et  stars,  which  border  on  the 
planetary  nelnilse.  Of  course,  this  may  be  quite  excep- 
tional, but  it  .should  not  be  neglected.  Consequently,  in  this 
matter  there  is  no  conclusive  observational  evidence. 

The  principal  known  force  which  tends  to  produce  con- 
den.sation  is  gravitation.  In  the  ca.se  of  the  stars  this  force 
is  balanced  by  the  expan.sive  forces  due  to  their  high  tem- 
peratures. If  their  heat  is  produced  only  by  their  con- 
traction, as  they  lose  heat  by  radiation,  they  certainlj^  con- 
tract. But  the  contraction  theorj'  is  inadequate  to  explain 
the  heat  which  the  sun  hiis  radiated  (Art.  219),  and  it  seems 
very  probable,  if  not  altogether  certain,  that  stars  have 
other  important  sources  of  energj'.  As  has  been  suggested, 
the  heat  of  the  sun  is  j)robahly  due  in  part  to  the  disinte- 
gration of  radioactive  substances.  Perhaps  in  the  extreme 
conditions  of  pressure  and  temperature  prevailing  in  the 
deep  interiors  of  .stars  the  process  of  disintegration  is  greatly 
accelerated  and  is  going  on  in  all  elements.  And  probably 
there  are  verj'  important  sources  of  energj-  not  now  sus- 
pected, just  a,s  the  sul>atomic  energies  were  not  suspected 
a  few  years  ago. 

Now  suppose  the  amount  of  energy  generated  in.  «^  ^■s« 
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in  all  these  ways  is  greater  than  that  radiated.  Then  the 
star  will  inevitably  expand  and  its  temperature  will  fall, 
because  with  increased  dimensions  gravitation  cannot  bal- 
ance so  high  a  temperature.  If  the  process  continues,  the 
star  will  expand  to  a  nebula,  which  will  necessarily  have  a 
low  temperature.  In  this  case  the  direction  of  evolution 
would  be  reversed.  But  as  the  star  expands,  the  conditions 
in  it«  interior  are  changed,  and  the  production  of  energy 
nilKhl  l>e  reduced  so  that  it  would  only  equal  that  rarliated. 
lu  tlus  ciise  the  star  would  reach  a  condition  of  equilibrium 
which  would  be  indefinitely  maintained  imleas  the  suh- 
atomic  and  other  pos.sibl('  sources  of  energ}'  were  ultimately 
exhausted,  and  it  seems  certain  that  they  would  become  ex- 
haust^. Then  the  star  would  contract  if  its  disintegrated 
prfxlucts  still  obeyed  the  law  of  gravitation,  and  its  evolu- 
tion would  proceed  in  the  direction  assumed  in  current 
theories,  though  at  a  greatly  retarded  rate. 

In  reaching  the  conclusions  which  have  been  set  forth  it 
has  been  assumetl  that  the  masses  of  the  stars  are  constant. 
It  is  clear  that  their  ma.'»ses  probably  are  increased  somewhat 
by  the  accretion  of  meteoric  matter  and  individual  mole- 
cules, but,  so  far  as  may  be  judged  from  the  sun,  this  is  not 
an  important  factor.     It  is  quite '  certain  that  the  sun  is 
emitting  electrified  particles  in  great  numbers  and  with  high 
velocities.     Probably  the  auroral  displays  in  the  earth's  at- 
mosphere are  produced  by  such  particles  impinging  on  the 
molecules  in  the  tenuous  gases  at  great  altitudes.     In  view 
of  the  consideral)le  light  .sometimes  emitted  by  aurora  and 
the  earth's  immense  distance  from  the  sxm,  it  seems  prob- 
able that  the  sun  loses  these  particles  at  a  rate  which  makesJ 
the  process  imjjortant.     If  so,  the  stars  may  possibly  be  dis-i 
integrating  into   nebuUe.     For    example,   the  nebulosities 
around  the  Pleiades  (Fig.  1S4)  may  have  come  out  from  thesOi 
stars  instead  of  being  gratlually  tlrawn  in  upon  them.     Be-J 
sides  this,  comets  give  numerous  e.xamples  of  matter  beioj 
dispersed  in  space. 
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It  is  obvious  that  we  do  not  know  with  any  high  degree 
of  certainty  in  which  direction  stellar  evolution  is  proceed- 
ing. Sound  scientific  method  calls  for  keeping  both  of  them 
in  niiud  until  a  decision  is  reached  on  the  basis  of  unequiv- 
ocal evidence.  Whichever  of  the  two  conclusions  may  pre- 
vail, the  result  v^Hll  be  unsatisfactory,  for  it  will  indicate  a 
universe  evolving  alwiiys  in  one  direction,  leaving  the  origin 
unexplained.  Possibly  there  are  changes  in  both  directions, 
and  it  may  be  that  stellar  evolution  in  some  way  and  on  a 
stupendous  scale  is  approximately  cyclical  like  most  of  the 
changes  which  come  entirely  within  tiie  range  of  our  experi- 
ence. 

(6)  II  is  assunied  that  all  st<irs  have  approrimately  the  same 
chemical  constitution;  or,  if  not,  that  their  spectra  do  not  de- 
pend to  an  inijiiirtant  extent  upon  their  chemical  cnnstitutiona. 
One  or  the  other  uf  these  assumptions  is  made  tacitly  wlu-n 
it  is  supposed  that  all  stars  pass  in  one  direction  or  the  other 
tlirough  .several  identical  spectral  types. 

The  spectroscope  proves  that  the  stars  contain  familiar 
elements ;  it  does  not  prove  that  they  do  not  contain  some 
unknowti  elcmetits,  or  that  the  known  elements  occur  in  all 
stars  ill  the  .same  ])rupurtiini.s.  The  great  diversities  on  the 
earth  make  it  natural  to  conclude  that  there  are  important 
difTcrcnces  in  the  millions  of  stars  in  (lie  heavens.  More- 
over, the  different  dimen.siuns,  densities,  and  absoqjtion 
spectra  of  the  planets  lead  to  the  same  conclusion.  The 
hvp(vthesis  that  the  stars  are  of  approximately  identical  con- 
stitution must  be  considereil  iin[>i'ol)able  until  it  is  supixjrtf-d 
by  observational  evidence. 

It  is  too  bold  to  assume  that  if  the  stars  are  differently 
constituted  they  nevertheless  ha%'e  the  .same  spectra  at  the 
same  temperatures.  But  the  a-ssumption  actually  made  is 
not  ((uite  .so  bad  as  it  at  first  seems,  for  the  stellar  spectra 
from  B  to  F,  and  even  G,  are  cliis.siHcd  primarily  on  the 
basis  of  their  hyilrogen  emission  and  absorption  lines. 
Within  these  classes  there  is  opportunity  for  great  variety, 
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and  indeed  variety  is  not  wanting.  There  is  nothing  ob- 
viously unsound  in  sup[x)sing  that  the  character  of  the  hydro- 
gen spectra  of  thr-  stars  depends  upon  their  temperatures. 
But  the  question  is  whether  a  star  which  has  only  helium 
and  hydrogen  lines  can  ever  show  the  strong  metalhe  abaorp- 
tioa  lines  which  arc  characteristic  of  stars  of  Types  F  and  G. 
Fortunately,  there  is  now  direct  evidence  on  this  [wint,  for 
there  arc  certain  variable  stars  which,  at  their  maxima, 
are  of  spt'ctral  Types  B  or  A,  while,  at  their  minima,  they 
are  of  Types  F  or  fJ.  There  is  nothing  inherently  improb- 
able in  a-scribing  these  changes  in  luminosity  and  spectra  to 


Fia.   185.  —  For  a  given  deiifiity,  the  nioiQ  mauive  the  star  the  higher  its 
lempcrstiire. 


ch.angps  in  temperature,  produced,  perhaps,  by  contracting 
and  expanding  nsciliations  of  these  stai-s. 

(c)  //  is  assumed  thai,  amie  from  the  Tate  of  change,  the  evo- 
hitinii  nf  n  .tlnr  dors  not  depend  on  its  innss.  In  considering 
this  point  the  jussumption  that  the  spectrum  of  a  star  depends 
up<m  the  temperature  of  its  radiating  surface,  or  radiating 
layer,  should  constantly  be  borne  in  minrt. 

It  should  be  recalled  in  the  first  place  that  the  known 
masses  of  the  stars  differ  considerably  (Art.  284),  and  it  is 
improbable  that  the  few  which  are  kmnm  cover  unj'where 
nearly  the  whole  range.  Consider  two  stars,  .S'  and  S',  Fig. 
185,  of  the  same  material  ami  equal  {lensity  but  one  having 
twice  the  mass  of  tfie  other,  and  fiietcn  attention  on  imit 
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volumes  at  any  corresponding  points  P  anil  P'  in  their  in- 
teriors. The  pressure  on  the  unit  vohinir  at  P  is  greater 
than  that  on  the  unit  vohimo  at  P' ,  hoth  hccau.sr'  tlie  cohimn 
PA  is  longer  than  P'A'  and  also  because  I'auh  unit  mass  in 
PA  is  subject  to  a  greater  attraction  than  that  to  which  the 
corresponding  mass  in  P'A'  Is  subject,  To  balance  the 
higher  pressure  in  the  larger  star  the  gaseous  mass  at  P 
must  have  a  higher  temperature  than  that  at  P'.  Conse- 
quently, if  two  stars  of  the  same  material  are  of  tlie  same 
density  at  corresponding  parts  ;md  are  of  unequal  masses, 
the  temperature  of  t  he  larger  star  at  tdl  points  from  it«  center 
to  its  surface  is  liigli<T  than  that  of  the  smaller  star;  and  if 
the  spectrum  of  a  star  depentls  [iiimarily  on  its  temperature, 
their  spectra  are  different. 

.\  mathcnialieul  discussion  sIkiws  that  if  two  stars  are  of 
the  same  material  and  of  equal  densities  at  corresponding 
points,  their  absolute  temperatures  are  as  the  squares  of 
their  radii.  On  coml'ining  this  resull  with  Lane's  law  that 
the  absolute  temperature  of  a  monaloniic  ga.seous  star  is 
inversely  as  its  radius,  it  is  found  that  the  absolute  temper- 
atures of  stai-s  of  c(|ual  vfilunies  and  fde  same  material  are 
proportional  to  their  masses. 

The  re.sults  which  have  jusi  Ix'cii  reached  are  very  im- 
portant, even  if  they  reiiri'seril  the  physica!  facts  only  ap- 
proximately, and  they  should  not  be  ignored  in  discu-s-sions 
of  stellar  evolution.  For  the  purposes  of  numerical  illustra- 
tion suppo.se  tiie  .sun  is  gaseous  and  consider  a  star  of  the 
same  material  and  den.sity  having  a  radius  twice  as  great. 
Its  mass  is  eight  times  that  of  the  sun.  By  the  first  law,  its 
temperature  is  four  times  that  of  the  sim.  Since  the  ratQ^ 
of  radiation  is  projwrtional  to  the  fourth  power  of  the  absoi 
lute  temperature,  its  radiation  per  unit  area  is  256  times 
that  of  the  sun.  Since  its  radius  is  twice  that  of  the  sun, 
its  surface  is  4  times  greater,  and  its  whole  radiation,  or 
luminosity,  is  4  X  250  =  1024  times  that  of  the  sun.  That 
is,  two  stars  of  the  same  material  and  density,  whose  ma8.se8 
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are  in  llie  ralio  of  only  8  t(i  I,  clifTcr  in  luininomty  in  tlif  rjitio 
of  1024  to  1.  If  !i  star  were  right  times  mure  ni;i.ssive  than 
the  sun,  it  would  have  a  spectrum  of  Type  B  or  A,  if  these 
spectra  indicate  high  temperatures,  •■ind  it  would  be  a  star 
comparable  to  the  most  brilliant  ones  found  in  the  heavens. 
On  the  other  liand,  if  it  were  one  eighth  as  massive  as  the 
sun,  it  would  have  a  spectrum  characteristic  of  low  temper- 
atures (TyfH"  M?),  and  vvouhl  be  a  feebly  luminous  body. 

Of  course,  it  is  not  necessary  that  other  stars  should  have 
the  same  den.sity  as  (he  sun.  It  is  known  from  eelipsinK 
varialiles  that  comparatively  few  are  as  dense  as  tlie  sun, 
and  that  the  densities  may  be  as  small  as  one  hundredth  or 
even  one  thousandHi  of  th.at  of  the  sun.  It  eau  be  shown 
that  the  tcmpeniture  of  a  ga.scous  star  is  jjroportional  to  the 
cube  root  of  the  product  of  the  square  of  the  mass  and  the 
density.  Elence,  in  order  that  a  star  haNnng  a  density  one 
hundredth  that  of  the  sun  should  be  a.s  hf)t  a.s  the  sun,  its 
moss  must  he  abfnit  10  times  greater.  But  under  these 
conditions  its  surface  and  luminosity  woulri  both  he  alwut 
1(X>  times  a-s  great  as  those  of  the  sun.  That  is,  a  star  nearly 
as  brilliant  as  one  of  the  Pleiades  might  be  only  one  hundredth 
a.s  dense  as  the  sun  if  its  ma.ss  were  only  10  times  greati?r. 
A  star  10  times  as  gretit  in  ma.ss  and  one  tenth  as  dense  as 
the  sun  would  be  IfiO  times  as  huninous. 

It  can  be  seen  from  this  incomplete  disciis,sion  that  in 
order  tiiat  a  star  shall  have  high  temperature  and  great 
luminosity  it  must  have  a  mass  at  least  as  great  as  that  of 
the  sun  ;  for  it  is  not  probable  that  a  much  denser  body 
would  be  in  a  ga,seous  comlition.  But  the  luminosity  of  a 
gaseous  star  is  so  sensitive  a  function  of  its  mass  that  one 
10  times  more  massive  than  the  sun  would  be  a  lirilliant 
object  unless  its  density  were  exceetlingly  low  ;  anil  one  only 
one  tenth  as  massive  as  the  sun  woulri  Vie  relatively  faint, 
even  if  it  were  as  dense  as  the  sun.  Therefore,  it  is  not 
strange  that  no  stars  with  ver>-  small  masses  have  been 
found ;  one  as  small  as  one  of  the  planets  could  not  be  self- 
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luminous  while  in  u  gtiscous  state.  On  the  other  hand,  no 
star  many  times  morn  massivi-  than  the  sun  has  been  found. 
Porhai>s  the  reason  is  that  the  data  respecting  masses  is  yet 
so  meager;  perhaps  the  temperatuies  in  massive  stars  be- 
come 80  great  that  their  atoms  disintegrate  and  the  remains 
fly  away  into  space. 

(d)  It  is  assumeil  tlial  t/w  contraction  of  nebula  into  stars 
began  at  such  a  time,  or  at  such  times,  and  that  the  individual 
nebuhe  had  such  masses  that  there  has  resulted  the  present 
sidereal  system  of  nebulee  ami  stars  in  all  stages  from  hottest  to 
coldest.  The  implications  of  this  assumption  are  not  at  once 
fully  evident ;  they  can  be  brought  out  only  by  a  mathe- 
matical discussion  whose  results  alone  can  be  g^ven  here. 

On  the  basis  of  Stefan's  law  of  radiation  and  the  assump- 
tion that  the  heat  of  a  star  is  develupetl  entirely  l)y  contrac- 
tion, it  is  foimd  that  the  change  of  radius  is  directly  projx)r- 
tional  t«  the  product  of  the  time  and  the  square  of  the  mass. 
If  there  arc  other  important  sources  of  heat,  and  if  the 
radiation  is  from  a  layer  of  \arying  depth  instead  of  from 
the  surface,  the  law  may  be  much  in  error.  But  on  the 
a-ssumpfion  that  this  result  itpplies  to  the  sun,  it  is  possilile 
to  compute  the  time  required  for  it  to  have  contracted  from 
any  given  dimensions.  According  to  the  contraction  theory 
its  radius  is  now  diminishing  at  the  rate  of  a  mile  in  44  years. 
Consequently,  on  this  basis  i1  has  contracted  from  the  orbit 
of  Mercury-  in  l,r)0n,0O0,(M)0  years.  At  first  thought  thi.s 
would  seem  to  give  a  long  supply  of  heat  to  the  earth  to 
meet  geological  needs;  but  if  the  sun  ever  fille<l  a  sphere 
as  large  as  the  orbit  of  Mercury  and  radiated  according  to 
Stefan's  law,  whatever  the  source  of  heat  may  have  been, 
its  temperature  must  have  been  so  low  that  its  rate  of  radia- 
tion could  have  been  onlj'  a  little  more  than  one  seven- 
thousandth  that  at  present,  a  quantity  altogether  inade- 
quate to  support  life  on  the  earth.  According  to  this  con- 
traction theorj',  4,400,000  years  ago  the  radius  of  the  sun 
was  100,000  miles  greater  than  at  present,  and  its  rate  of 
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radiiitioii  was  only  two  thirds  that  which  is  now  observed. 
With  this  rate  of  radiation  the  theoretical  mean  temperature 
of  the  earth,  determined  by  the  metho<l  used  for  Mars  in 
Art.  172,  conu's  out  51°  lower  than  at  present  (60°  F.),  or 
23°  Ijclow  freezing. 

The  second  ]iart  of  the  law  gives  the  interesting  and  un- 
foreseen result  that  the  more  massive  a  star,  the  more  rapidly 
it  contracts.  Or,  if  the  results  are  translated  over  into  a 
relation  between  density  and  time,  it  is  found  that  if  a  star 
of  large  mass  and  one  of  snuiUer  mass  start  with  the  same 
density,  the  density  of  the  large  star  will  increase  faster 
than  that  of  the  smaller  one.  The  rale  of  change  of  density 
is  proportioital  tu  the  cube  loot  of  the  fifth  power  of  the  mass. 
Therefore,  if  one  star  has  8  times  the  mass  of  another  and 
they  start  contracting  from  the  same  density,  it  will  arrive 
at  some  greater  density  in  j'.j  of  the  time  required  by  the 
smaller  star  to  reach  the  same  density.  As  applied  to  the 
stellar  system,  this  means  tluit  if  the  stars  all  started  con- 
densing from  nebulae  at  tiie  same  time,  those  which  have 
the  largest  masses  are  at  present  by  fur  the  densest  and 
hottest.  The  large  stars  are  probably  much  hotter  on  the 
average  than  the  small  ones,  but  it  is  doubtful  if  they  are 
denser.  It  must  be  remembered  that  these  results  depend 
upon  the  very  questionable  assumption  that  the  heat  of 
stars  is  duo  entirely  lo  their  contractinn. 

299.  The  Origin  and  Evolution  of  Binary  Stars.  —  The 
great  mnuber  of  binary  stars  calls  for  a  consideration  of 
their  origin  and  evidufion.  If  the  stars  have  condensed 
from  nebulse,  it  is  natural  to  suppose  that  binary  stars  have 
develope<l  from  nebulae  which  divided  into  two  parts,  or 
that  the  divisions  have  taken  place  after  the  condensing 
ma.ssc8  have  reached  the  star  stage.  It  is  also  conceivable 
thai  stars  which  originated  separately  have  later  united  to 
form  phj'sical  systems.  Both  of  these  theories  will  be  con- 
sidered. 

Consider  first  the  theorj'  that  the  binary  stars  have  orig- 


644    AN   INTRODUCTION    TO  ASTRONOMY   [ch.  xiii.  : 


inated  by  the  fission  of  iipbulffi  or  larger  stars.  The  basis 
for  the  theorj'  is  the  very  reasonable  assumption  that  the 
origintil  nobulse  had  more  or  less  rotation,  possibly  quite 
irrf'gular  in  character.  In  those  cases  where  the  amount  of 
rotation,  that  is,  the  moment  of  momentum,  was  small,  it 
is  believed  that  single  stars  rotating  slowly  have  resulted. 
Ill  those  cases  where  the  moment  of  momentum  was  large, 
it  is  supposed  that  there  has  been  separation  into  two  parts. 

There  is  some  theoretical  basis  for  this  conclusion,  though 
from  a  practical  point  of  view  it  has  generally  been  greatly 
overestuuated.  In  a  brilliant  piece  of  work  on  figures  of 
equilibrium  of  linmogeneous  fhiids  rotating  as  solids,  Poin- 
car^,  following  Maclauriti  and  Jacobi,  showed  that  for  slow 
rotation  an  f>blate  spheroid  is  a  figure  of  equilibrium,  for 
faster  rotation  an  elongated  ellipsoirl  is  the  corresponding  fig- 
m-e,  and  for  still  fiuster  rotations  the  elli])soid  has  a  constric- 
tion, suggesting  that  for  still  faster  rotations  th^'  figure  would 
be  two  very  unequal  masses.  Now,  when  a  nebula  or  a  star 
contracts  it  rotates  more  rapidly  because  tlie  moment  of 
momentum  is  constant.  Hi-nce  it  seems  reasonable  to  sup- 
pose that  nebulse  and  stars  follow  at  least  roughly  the  figures 
found  by  Poincare  for  the  homogeneous  ca.se. 

There  is  one  verj-  important  point  of  difference  in  the  prol)- 
lem  treated  by  Poincare  and  that  presented  by  contracting 
bodies.  Poincare  considered  nias.ses  all  of  the  same  ilerisity, 
but  having  different  rates  of  rotation.  In  a  contracting 
nebula  or  .star  both  the  density  and  the  rate  of  rotation 
change.  The  inerea.se  in  density  tends  to  sphericity ;  the 
increase  in  rate  of  rotation  tends  tu  oblatene.ss.  The  two 
effects  almost  balance  each  other,  but  the  effect  of  increas- 
ing rotation  jirevails  by  a  narrow  margin.  For  e.xample, 
if  the  sun  contracts  with  lo.ss  of  heat,  it  will  not  become  so 
oblate  a.s  Saturn  is  now  until  its  density  is  hundreds  of  times 
greater  than  that  of  platinum.  This  do{>s  not  mean  that  a 
body  contracting  front  a  nebula  may  not  divide  into  two 
parts  at  any  stage  of  its  development,  but  it  shows  that  the 
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tenflonry  for  fission  is  very  iiiiich  sinallpr  than  has  been 
supposed. 

Suppose  a  star  rJivitics  into  two  parts.  Origiiially  »hn 
two  components  will  Ive  rotating  so  as  to  keep  tlieir  .sanic 
faces  toward  eaeh  other.  Mill  with  further  routraetioii  they 
will  rotate  rtiore  ia[iidly  vvfiili-  their  p<'rio(l  of  revolution  re- 
mains unehanged.  Then  tidal  evolution  liegiiis,  and  under 
these  conditions  Darwin  has  shown  that  the  titles  will  in- 
rrpa.se  the  periods  of  rntalion  ra])idly  and  the  period  of  revo- 
lution more  slowly.  Moreover,  if  tlie  orininai  orbit  had  any 
eeeentririty  it  will  be  inerea-spd.  Consequently,  as  the  age 
of  a  binary  star  having  oriKinated  by  fission  incn-a-ses,  ila 
period  of  revolution  increa.ses  and  the  eccentricity  of  its 
orbit  increases. 

From  an  ext^Misive  study  of  the  orbits  of  spectroscopic 
and  visual  binaries,  Cainjibell  has  found  that  stiir.s  of  Types 
B  and  A  liave  short  periods  and  nearly  circular  orbits,  and 
that  both  the  periods  and  the  ec<-en1ricities  increase,  on  the 
average,  tliroiigh  the  s])ectral  tyjK's  F,  Ci,  K,  and  M.  One 
woulil  be  tempted  to  infer,  in  accordance  with  the  theory 
of  the  cvnlutiou  of  stars  through  the  s|)i'ctral  tyjjes  from  B 
to  M,  that  binaries  of  Ty|)e  B  Jiad  recently  originated  by 
fission  and  that  with  increasing  age  they  would  go  through 
the  various  spectral  types  with  periods  increasing  corre- 
spondingly from  a  few  hours  to  an  average  of  more  than  a 
century,  and  the  eccentricity  from  near  zero  to  an  average 
of  about  0.5. 

But  such  an  inference  would  tie  entirely  unwarranted  and 
erroneous,  for  an  ample  consideration  of  the  dynamics  in- 
volved shows  that  when  a  nebula  or  star  divides  into  two 
equal  masses,  ti(ial  friction  in  any  time  however  long  is  not 
competent  to  make  the  periml  more  than  about  twice  ita 
original  value;  if  the  msisses  are  unequal  but  comparable, 
as  in  the  case  of  idl  known  binaries,  the  period  may  be 
lengthened  several  fold.  But  it  is  altogether  inipossiltle  for 
tidal  friction  to  increase  the  period  of  a  binary  star  whosft 
2n 
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components  have  comparable  masses  from  a  fow  hours  or 
days  to  the  many  years  found  in  the  case  of  must  visual 
binaries. 

There  m  a  similar  diiEfulty  in  tht?  eccentricities  of  the 
orbits  of  binary  stars.  Consequently  the  imporlAnt  farts 
brought  out  in  Campbrll's  discussitm  do  not  confirm  thn 
current  theory  of  the  evolution  of  the  stars.  So  far  a.s  the 
periods  are  concerned  they  are  in  hamiony  with  the  hy- 
pothesis that  the  B  and  A  stars  are  massive,  for  the  Kreater 
the  mass,  the  shorter  the  perioil  for  a  given  distaiiet-  l)etween 
the  stars,  but  it  is  hij^hly  improbable  that  the  great  rangt'  of 
periods  depends  upon  the  nia.sses  alone.  The  dynamieal 
conditions  imply  that,  if  \isua1  binaries  originated  by  fiasion, 
the  division  took  place  while  they  were  yet  in  the  nebul 
Btage. 

The  hypothesis  that  two  independent  stars  can  unite  to 
form  a  binary  remains  to  be  considered.  If  two  stars  are 
drawn  toward  each  other  by  their  mutual  gravitation,  they 
may  pass  near  and  around  each  other  without  any  contact, 
as  a  comet  passes  around  the  sun ;  each  may  collide  with 
the  outlying  parts  of  the  other ;  they  may  undei^o  a  grazing, 
or  partial,  collision ;  and,  in  the  extreme  case,  they  may 
have  a  central  collision.  If  they  do  not  colUde  at  all,  they 
will  recede  to  the  distance  from  which  they  were  drawn 
together,  and  a  binary  star  cannot  result.  If  they  suffer  a 
collision  with  outlying  parts,  their  velocities  will  be  reduced 
and  they  may  not  recede  to  a  very  great  distance  from  each 
other.  The  character  of  their  orbits  after  coUision  will  de- 
pend upon  the  amount  of  kinetic  energy  which  is  trans- 
formed at  the  time  of  collision.  This  energy  goes  into  heat, 
and  the  question  arises  whether,  if  suflScient  motion  is  de- 
stroyed to  produce  a  binary,  the  heat  evolved  may  not  reduce 
both  stars  to  the  nebulous  state. 

Consider  a  special  example  of  two  stars  each  in  mass 
equal  to  the  sun.  At  a  great  distance  from  each  other  their 
reiative  velocities  might  be  anything  from  zero  to  several 
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hundred  miles  per  second  ;  take  the  most  favorable  case  where 
it  is  zero.  Suppose  that  at  their  nearest  approach  their 
distnnt'c  fnmi  vnvh  oilier  is  as  p;reat  a.s  that  from  the  earth 
to  the  sun.  I'lKJiT  the  liypoth.eses  adopted  they  will  have 
a  relative  vi'loeity  of  about  37  miles  per  second.  Suppose 
they  encounter  enough  re.sj.statice  from  outlying  nehulous 
or  planet L'siiual  matter,  or  from  collision  with  a  planet,  to 
reduce  their  most  re- 
mote point  of  recession 
after  collision  to  U)U 
astronomical  units. 
It  can  be  shown  that 
their  velocitj'^  must 
have  been  reduced  by 
y^  of  it.s  amount,  or 
by  0.185  mile  per 
second.  This  would 
generate  as  mueli  heat 
as  the  sun  radiates  in 
about  8  years.  Conse- 
quently the  expan.'iive 
effect  of  the  heat 
generated  by  the  col- 
lision will  not  he  im- 
portant, and  after  the 
encounter    the    stars 
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Fio.  180.  —  Rodiiotioii  of  (juruliulic  orbit  to 
all  t>Uip8C  by  culliaioii  of  a  sun  with  a  plauet 
of  uDother  sun. 


will  be  moving;  in  an  orhit  whn.se  eccentricity  is  0.98  and 
whose  period  is  about  250  yeare.  The  resistance  could  have 
been  pro<iuced  by  collision  with  a  planet  whoso  mass  was  ^^ 
that  of  imp  of  the  .suns.  It  follows  that  if  a  star  passing  the 
sun  should  meet  Jupiter,  something  comparable  to  what  has 
been  given  in  the  exauiple  wtmld  result.  Figure  186  shows 
the  original  parabola,  the  point  of  collision  P,  and  the 
eUiptieal  orbit  after  collision. 

Now  let  us  follow  out  the  history  of  the  star  after  such  a 
collision  as  has  been  described.     If  there  are  no  subsequent 
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the  stars  will  continue  to  describe  veiy  elongated 

trbits  about  their  center  of  gravity.     If  thei*  am 

t  colJisions  with  other  planets  or  with  ani,"  other 

a  the  vicinity  of  the  stars,  their  points  of  nearest 

will  not  be  apprecialjly  changed  unless  the  coUi- 

■'ar  from  the  perihelion  t>oiiit,  their  points  of  most 

eSBion  will  be  diiniriished  by  each  collision,  and 

1       IS  that  both  the  periotl  and  thtv  eccentricity  of  the 

Ix;  ik'crenMed  11.4  long  as  the  process  continues.    If 

,™        ine  correct  theory  of  tlie  origin  of  binar>'  stars,  those 

whose  periods  ami  eccentricities  are  small,  are  older  on  tht' 

avertige,  at  least  as  binarii'M,  than  those  whose  periods  and 

eccentricities  are  large,  aiul  this  would  suggest  that  the  B 

and  A  stars  ai^e  older  than  the  K  and  M  stars.     The  only 

obvious  difflcnltj'  with  the  basis  of  this  theory  of  the  origiii 

of  binary  stars  iis  that  these  near  approaches  and  partial 

collisions  are  neces,Hari!y  extretnety  infretjuent,  wliile  binarj- 

stars  are  very  nnnierous.     The  seriousness  of  this  difficulty 

depends  upon  the  length  of  time  the  stam  endure,  about 

which  nothing  certain  is  known. 

As  has  been  staled  in  Art.  21(4,  a  central  collision  would 
produce  a  teinpofary  star,  which  \\'ould  later  change  into  & 
nebula. 

300.  The  Question  of  the  Infinity  of  the  Physical  Uni- 
verse in  Space  and  in  Time  —  There  are  transcendental 
questions  which,  from  their  nature,  can  never  be  answered 
with  certainty,  but  which  the  human  mind  ever  persists  in 
attacking.  Among  such  questions  is  that  of  the  infinity  of 
the  physical  universe  in  space  and  in  time. 

It  has  been  seen  in  Art.  270  that  the  apparent  distribu- 
tion of  the  stars  proves  that  they  cannot  be  scattered  uni- 
formly throughout  infinite  space.  It  has  also  been  seen 
that  there  is  no  observational  evidence  that  galaxies,  sep- 
arated by  distances  of  a  higher  order  than  those  between  the 
stars,  may  not  be  units  in  larger  aggregations  and  so  on  to 
super-galaxies  without  limit.    This  may  be  adopted  as  a 
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working  hypothesis.  We  may  then  inquire  whether  there 
will  be  luminous  stars  through  infinite  time,  or  whether  they 
all  will  ultimately  become  extinct. 

According  to  physical  laws  as  they  are  known  at  present, 
the  stars  are  pouring  raiiiant  energ>'  out  into  the  ether  at 
an  extravagant  rate  and  it  is  not  being  returned  to  them  in 
relatively  appreciable  amounts.  For  example,  the  sun  loses 
more  light  and  heat  by  radiation  in  a  second  than  it  will 
receive  from  all  the  stars  in  the  sky  in  a  million  years.  It  is 
inconceivable  that  a  star  has  an  unlimited  store  of  internal 
energy.  Therefore  its  energj'  will  ultimately  become  ex- 
hausted unle.ss  a  new  supply  is  furnished  in  some  way.  One 
method  by  which  the  internal  energy  of  a  star  may  be  in- 
creased is  by  collision  with  another  star.  But  after  colli- 
sion the  combined  mass  would  lose  its  energy  similarly  until 
another  restoration  by  another  collision.  But  by  this  pro- 
cess the  matter  of  the  universe  becomes  aggregated  in 
larger  and  larger  masses,  and  if  it  Ls  finite  in  amount,  a 
stage  will  be  reached  when  no  more  collisions  will  take  place. 
Then  these  final  stare  will  in  the  course  of  time  radiate  away 
all  their  internal  energy  and  remain  throughout  eternity 
dark,  cold,  and  lifeless.  At  least,  such  is  the  teaching  of 
present-day  science  if  the  physical  universe  is  finite,  as  has 
usually  been  assumed. 

But  now  suppose  that  there  are  myriads  of  galaxies  compos- 
ing larger  and  still  larger  cosmic  units,  and  remember  that 
there  are  no  observational  facts  whatever  which  contradict 
this  hypothesis.  Under  this  assumption  the  energy  in  the 
universe  is  also  infinite.  It  does  not  follow  from  this, 
however,  that  it  wii!  last  an  infinite  lime,  for  there  are,  by 
hypothesis,  infinitely  many  bodies  which  are  subject  to 
collisions  and  which  arc  radiating  onergj-  into  the  ether. 
But,  on  the  other  liand,  if  the  relative  speed  of  the  larger 
cosmic  units  is  great  enough,  there  will  be  enough  energy  to 
last  the  infinite  univerw  an  infinite  time.  Thi.'*  follows  from 
the  fact  that  infijiities  may  be  of  ditTerent  orders,  as  the 
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mathematicians  say.  The  actual  cieinands  in  the  pi-esent 
case  are  not  severe.  In  ortler  fliat  the  energy  should  last 
an  infinite  time  it  is  suffirient  that  the  relative  speeds  of  the 
larger  cosmic  units  of  all  order  shall  exceed  some  finite  value. 
The  energ\'  in  any  particular  gala.xy  might  lun  down,  as 
in  the  finite  case  considered  above ;  but,  according  to  the 
present  hypothesis,  at  immense  intervals  this  galaxy  would 
collide  with  some  other  (jiie  with  speed  sufficient  to  restore 
it^  internal  energies  if  the  energy  of  their  relative  motions 
were  thus  transformed.  It  might  require  only  a  very  small 
fraction  of  (he  energj'  of  tin-  relative  motions.  The  i)rocess 
would  terminate,  however,  if  there  were  only  a  finite  number 
of  galaxies,  but  by  hypothesis  the  super-galaxies  are  units 
in  still  larger  aggregations.  There  might  be  a  restoration 
of  heat  euerg>'  by  interactions  of  these  larger  units,  and  so 
on  without  limit.  It  is  not  profitable  to  pursue  the  inquiry 
further  here,  but  it  is  not  without  interest  to  know  that 
according  to  our  present  untlerstantling  of  the  laws  of  nature 
it  is  not  necessary-  to  conclude  that  the  physical  universe 
will  in  a  finite  time  reach  the  condition  of  eternal  night  and 
death.  This  discussion  also  gives  an  answer,  though  perhaps 
not  the  correct  one,  to  the  question  why  the  universe  has  not 
already  attained  a  condition  of  stagnation  and  death.  In 
short,  it  gives  a  picture  of  a  universe  whose  life  and  activity 
are  without  beginning  and  without  end. 


rv.  The  NEBULiB 

301.  Irregular  Nebulae.  —  There  are  many  nebuUe  in 
the  sky  of  enormous  extent  and  irregular  form.  Among  the 
finest  examples  of  these  objects,  though  by  no  means  the 
most  extensive,  are  the  veil-like  structures  which  are  seen  in 
the  constellation  Cygnus,  one  of  which  is  shown  in  Fig.  187. 
It  is  altogether  probable  that  they  are  at  least  as  remote  as 
the  nearer  stars.  Since  they  extend  across  regions  occupied 
by  hundreds  of  stars,  they  are  of  inconceivable  magnitudt-; 
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certainly  a  hundred  years  are  required  for  light  to  cross  them. 
They  are  extremely  faint  (the  long-expoaure  photographs 
being  quite  misleading)  and  they  are  probably  verj'  tenuous, 
though  nothing  is  actually  known  regarding  their  density. 
If  they  are  condensing  under  gravitation,  the  process  must 
be  going  on  extremely  slowlj-. 

An  example  of  a  less  widely  extended  and  apparently 
much  denser  nebula  is  the  great  nebula  in  Orion  (Fig.  61), 
which  is,  perhaps,  the  most  wonderful  and  beautiful  object 
in  the  heavens.  It  fills  a  space  whose  apparent  diameter 
is  more  than  half  a  degree.  This  means  it  is  of  enormous 
volume,  for  it  is  as  remote  as  certain  stars  which  are  asso-  i 
ciated  with  its  denser  paiis.  Its  parallax  can  scarcely  be 
over  0".01  and  it  probably  is  much  smaller;  if  the  larger 
value  is  correct,  its  diameter  is  20,000,000  times  that  of  the 
sun  and  several  years  would  be  required  for  light  to  travel 
from  one  side  of  it  to  the  other.  The  density  of  the  Orion 
nebula  is  altogether  unknown,  but  it  is  generally  regarded 
as  being  verj'  low.  If  it  averages  even  nnrSnnr  that  of  the 
atmosphere  and  if  it  is  Kpherical  ( ?),  its  total  mass  is 
100,000,000,000,000  timos  that  of  the  sun,  and  in  spite  of  its 
enormouf*  distance,  it.s  attraction  for  the  earth  is  one  fourth 
that  of  the  sun.  If  the  nebula  is  rare,  it  is  difficult  to  account 
for  its  radiation,  because  it  could  not  have  a  high  temperature 
except  possibly  in  its  deep  interior  where  pres.surc  of  the  out- 
lying parts  would  prevent  expansion.  The  luminosity  of  the 
nebuljB,  like  that  of  the  comets,  has  long  been  an  unexplained 
phenomenon. 

The  form  of  the  Orion  nebula  suggests  whirling  motions 
of  its  parts.  Relative  internal  motions  were  found  first 
by  Bourget,  Fabry,  and  Buisson ;  Frost  and  Mancy  have 
shown  by  the  spectroscope  that  its  northeastern  part  is 
receding  from  the  solar  system,  while  the  southwestern  part 
is  approaching  at  the  relative  rate  of  about  6  miles  per  second. 
It  is  clear  that  unless  the  density  is  sufficiently  great  these 
motions  will  cause  the  nebula  to  dissipate  in  space.    On  the 
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assumption  that  this  is  simply  a  motion  of  rotation,  and 
neglecting  gaseous  expansion,  it  is  found  that  the  nebula  is 
in  no  danger  of  disrupting  if  its  average  density  is  greater 
than  10~"  times  that  of  water.  At  this  limiting  density  ita 
total  mass  would  about  equal  tliat  of  the  sun. 

It  was  supposed  in  the  days  of  Sir  William  Herschel  that 
the  nebulBB  may  be  galaxies  which  are  so  remote  that  their 
individual  stars  are  not  di.stingui.shabie,  even  with  the 
most  powerful  telescopes.  This  is  certainly  not  the  true 
explanation  of  the  irregular  nebulaj.  In  the  first  place,  the 
spectra  of  the  brighter  ones  for  which  the  data  are  at  hand 
consist  of  bright  lines,  proving  on  tiie  basis  of  the  first  law 
of  spectrum  analysis  that  tlu'V  are  incandescent  gases  under 
low  pressure.  The  bright  lines  belong  to  a  hypothetical  ele- 
ment nebuliuru,  found  only  in  nebulaj.  and  to  hydrogen.  In 
the  second  place,  they  are  condensetl  in  the  zone  of  the  Milky 
Way.  which  indicates  they  are  in  some  way  connected  with 
it.  Campbell  and  Moore  have  found  that  they  show  the 
streaming  tendencies  which  are  charactt'ri.stic  of  the  stars. 
For  these  rea.sons  the  conclusion  is  lickl  that  they  are  tenuous 
gaseous  members  of  our  own  Galaxy. 

A  very  interesting  fact  has  recently  been  discovered  in 
connection  with  the  Magellanic  Clouds,  two  masses  of 
stars  in  the  far  southern  heavens,  having  the  appearance  of 
two  smaller  galaxies  which  are  quite  independent  of  the 
Milky  Way.  R.  E.  Wilson,  at  the  South  American  branch 
of  the  Lick  Observatory,  has  found  that  the  ratUal  velocities 
of  the  nebidaj  in  the  Magellanic  clouds  which  are  bright 
enough  for  mea-surement  show  rapid  reces-sion  of  all  of  these 
objects,  the  average  speerl  being  over  1.50  miles  per  second. 
This  suggests  that  these  aggregations  of  stars  have  velocities 
with  respect  to  our  owii  Galaxy  of  a  higher  order  than  the 
average  internal  velocities,  in  harmony  with  the  suggestion 
in  Art.  .TOO. 

Barnard  has  recently  brought  forward  strong  evidence 
for  the  conclusion  that  there  are  relatively  dark  and  opaque 
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masses,  perhaps  neb>ilous  in  character,  in  certain  parts  of  the 
Milky  Way.  He  lias  foumt  regions  in  which  the  stars  seem 
Uy  be  blotted  out  by  obscure  material,  as  is  shown  in  Fig. 
188.  Probably  the  apparent  breaks  in  some  of  the  nebulae, 
as,  for  example,  the  celebrated  Trifid  Nebula  in  Sagittarius 
(Fig.  189),  are  due  to  obscuring  material  which  cuts  off  the 
light  from  certain  regions.     At  any  rate,  it  is  difficult  to  see 


1    '    ' 

Flu.  ISS.  -On  (Ik-  left  a  liriKht  iiobulu  (in  ( 'yKi>ii«)  uiul  on  tlie  riuitt  u 
(lurk  piit^^'li  which  in  prulinlily  due  to  u  dark  nebula.  Pholugraithtd  by 
Baninrd  nl  tin   Yrrkm  (Hiti-niiUtry. 

how  mutter  could  be  in  e(|uihbriuni  in  any  such  forms  as  the 
luminous  inattvr  assttnies. 

302.  Spiral  Nebulae.  —  Spiral  nehuliE  are  more  numerous 
than  all  other  Idiids  together.  According  to  Keeler's 
original  estimate  there  are  at  lea-st  120,000  witliin  the  reach 
of  the  tclesc4jpe  which  he  usetl ;  there  may  be  five  or  ten 
times  (he  number  within  reach  of  the  great  reflectors  of  the 
Solar  Observatory  of  the  C'arnegje  In.<titutiou.  They  are 
characterized  l>y  their  great  extent  (Fig.  190)  and  by  irregular 
arms,  generally  two  in  number  vvlien  they  are  distinctly  de- 
fined, which  wind  out  from  centers.  They  almost  invariably 
have  well-tielined  centei-s,  apparently  of  considerable  den- 
sity, and  their  arms  usually  contain  a  number  of  couspicuous 
local  condeasations,  or  nuclei. 
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Tho  spiraJ  nehnlje  .'irr  furtlicrcharacterizpd  by  being  white, 
whereas  the  hirgc  irregular  neljiiiae  have  a  greenish  tinge  due 
to  the  green  light  from  nebulium.  Most  of  them  are  too 
faint  for  iletiiiled  spectro.seopiu  study,  but  some  of  the 
l>riglitt'r  of  them  have  been  found  to  have  spectra  similar 
to  the  sun's  s|)ei'trum.  This  ieatis  to  the  inference  that  they 
are  perhaps  partly  si)lid  or  liquid.  <*n  the  other  hand, 
Seare,s  has  pliuto- 


f 


graphed  som« 
them  through  a 
screen  which  cuts 
off  the  blue  end 
of  the  spectrum. 
The  brightnci«of 
the  arms  wsus 
much  more  re- 
duced than  tluit 
of  the  central 
nuclei,  indicating 
that  a  consider- 
able part  of  t  hei  r 
light  is  similar  U} 
that  from  gases. 
Moreover,  their 
transparency  im- 
plies that  they  are 
tenuous.  Hence, 
they  .seem  to  be  vast  swarms  of  incandescent  s<jlirl  or  liquid 
particles,  perhaps  with  many  larger  masses,  surrounikxl  by 
gaseoiLs  materials.  There  is  difBculty  in  explaining  their 
luminosity,  though  Lockyer  attempted  to  account  for  the 
hght  of  all  nebidse  by  ascribing  it  to  lieat  generated  by  the 
collisions  of  meteorites  of  which  he  supposed  they  are  largely 
comp<Jsed.  The  obscure  material  in  and  around  nebulae 
may  be  very  abundant.  This  supposition  is  confirmed  in  the 
case  of  spiral  nebute,  for  when  one  is  seen  edgewise  the  dark 


Fin.  IKO— Thn  Tritiil  N.-I.uhi.  Tli.-  rlr.rk  lanes 
l>y  which  it  is  crosHOcl  lire  prubalily  duo  to  iiiter- 
veiiiiig  (lark  niutcriul.  Pholooraiihiti  tnth  the 
CrHtflry  rrJfrdoT  of  the  Lick  Obtrrvnlory. 
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material  at  its  periphery  eclipses  the  center  and  causes  an 
apparently  dark   rift  through   it  (Fig.  191).     Another  dis- 
tinguishing feature  of  spiral  nebula  is  that  they  are  very 
infrequent  in  or  near  the  Milky  Way. 
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Fiii.  l!Kl.  —Spiral  nebulii  in  Ursa  M  unr  'M    ini).    Photoamp/ird  by  Ritchcn 
at  Oil  Yrrkiit  UdntrmliMy. 

The  spiral  nehulse  ninge  in  miignitude  all  the  way  from  the 
Groat  NelmUi  in  Andromeda  (Fig.  192),  which  is  about  I'.o 
long  and  30'  wide,  to  minute,  faint  objects  which  are  barely 
discoverable  after  long  exp<isures  with  powerful  photographic 
telescopes.     There  is  no  rea.sun  to  believe  there  arc  not  others 
still  smaller.     Since  the  Andromeda  nebula  is  certainly  as 
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distant  as  the  nearest  stars,  its  volume  is  enormous ;  the 
smaltest  ones  may  be  as  small  as  the  solar  system,  though  they 
would  wind  up  and  lose  their  spiral  characteristics  in  a  short 
time. 

The  suggestion  has  t>een  made  (Art.  249)  that  a  spiral 
nebula  may  develop  when  a  star  is  visited  closely  by  another 
star,  or  when  a  group  of  stars  passes  near  another  group  of 
stars.  There  is  no  apparent  difficulty  in  cxpl.iinins  small 
spirals  in  this  way,  but  the 


large  ones  present  a  more 
serious  problem,  esi>ecially 
if  we  limit  ourselves  to  the 
clo.se  approach  of  two  single 
stars.  It  ia  not  at  all  neces- 
sary to  do  this,  for  in  a 
general  way  the  (lynamicd 
principles  involved  apply  to 
aggregates  of  all  dimensions 
up  to  galaxies,  and  even 
beyond  if  there  are  larger 
units  in  the  universe.  There 
is  possibly  s<jme  evidence 
that  the  Milkj'  Way  has  a 
spiral  structure. 

Although  the  larger  spirals 
are  enormous  in  extent,  they 
may  have  only  moderate  masses.  However  improbable 
this  may  be  on  the  basis  of  their  appearance,  it  miLit  he  re- 
membered that  there  is  no  direct  e\'idence  whatever  at 
present  regarding  their  ma.sses,  and  the  source  of  their  lumi- 
nosity is  quite  unknown.  It  is  natural  to  suppose  that 
though  a  spiral  of  tlimensions  comparable  to  the  .solar  system 
might  be  produced  by  the  disruptive  forces  of  a  near  approach 
of  two  stars,  it  would  not  he  possible  for  one  a  thousand 
times  larger  to  be  formed  in  the  same  way.  An  exami- 
nation of  the  equations  involved  shows  that,  if  a  certain 


Fia.  191.  —  Spiral  nelnilu  in  Androm- 
eda (H.  V.  10)  pn'aoiiting  edge 
toward  the  earth.  C'entral  line 
eclipsed  by  obscure  material.  Pho- 
tographed uHlh  the  CrnfifUy  re/lfctor 
of  thr  Lick  Obatrvatory. 
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velocity  of  ejection  would  cause  matter  to  recede  (neglect- 
ing the  attraction  of  the  passing  sun)  td  the  distance  of 
Neptune,  a  velocity  one  twenty-four-thousandth  gieater 
would  cause  it  to  recede  1000  times  farther  (Table  XIII). 
Hence  the  argument  against  veiy  large  spirals  being  formed 
by  the  near  apprnuch  of  two  great  suns  is  not  so  conclusive 
as  it  might  at  first  seem.  They  may  have  been  formed, 
however,  by  the  psissage  near  one  another  of  two  great 
groups  of  stars  such  as  the  globular  clusters ;  or  they  may 
have  been  formed  in  some  other  way  not  yet  considered. 

The  spectra  of  spiral  ncbulse  are  in  harmony  with  the 
suggested  mofie  of  their  origin.  Their  distribution  demands 
consid(>ration.  Their  apparent  distribution  may  mean  that 
they  are  nut  on  the  borders  of  the  Ciaiaxy  and  that  they 
are  not  seen  in  the  Milky  Way  because  of  their  great  distances 
in  these  directions.  It  would  be  expected  that  close  ap- 
proaches would  occur  most  freciuently  in  the  interior  of  the 
Galaxy  where  the  stars  move  the  fastest  if  they  are  making 
excursions  to  and  fro  through  it.  On  the  other  hand,  out  on 
the  borders  they  would  move  more  slowly  and  their  mutual 
attractions  would  Ik-  more  efficient  in  bringing  them  to- 
gether. 

There  is  one  fact  which  is  opposed  to  the  suggested  ex- 
planation of  spiral  nebulffi,  and  that  is,  as81ipher  first  found, 
their  radial  velocities  average  very  great.  For  exjimple,  the 
Great  Aiidrnmoda  Nebula  is  approaching  the  solar  system  at 
the  rate  of  200  miles  jxr  second.  Moreover,  Slipher  found 
spectroscopic  evidence  that  it  Ls  rotating.  Even  if  the  result 
is  in  doubt  for  this  nebula,  it  is  altogt^ther  certain  in  the  ca.sc 
of  another  spiral  which  is  edgewise  to  the  earth,  and  which 
Slipher  investigated  in  1913.  Among  the  stars  high  veloc- 
ities are  on  the  whole  associated  with  .small  masses.  If  this 
is  a  universal  principle,  which  seems  dynamically  sound, 
the  spirals  must  have  smaller  masses  than  any  known 
class  of  stai-s.  Or,  perhaps,  spirals  have  been  formed  on  the 
whole  only  from  stars  which  passed  one  another  at  great 
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speed,  and  they  of  course  still  possess  most  of  their  kiiietic 
energj-. 

It  has  been  more  than  once  suggested  that  the  spiral  neb- 
uiffi  are  not  in  reality  nebulae  tit  all,  but  distant  galaxies. 
If  this  is  true,  it  is  difficult  to  explain  their  distribution  with 
respect  to  the  Milkj'  Way,  or  their  strong  central  condensa- 
tions, or  ( he  fact  that  they  are  crossed  by  dark  streaks  when 
they  are  presented  edgewise  to  us.  Besides,  the  results  of 
Scares'  photographs  are  opposed  to  this  hyf)othesis. 

303.  Ring  Nebulae.  —  A  few  nebuljE  have  the  form  of 
almost  perfect   rings,  the  best  example  of  which  is  the  one 

between  Beta  Lyra  and  Gamma 
Lyrae  (Fig.  193).  This  nebula  has 
a  fifteenth-magnitude  star  near  its 
center  which  has  been  suspected 
of  iM^ing  varial.ile.  It  is  probably 
associated  with  the  nebula,  though 
this  is  not  certain.  The  spectrum 
of  the  ring  nebula  in  Lyra  has 
been  examined  and  it  has  been 
found  that  hydrogen  extends  out 
en iisiderably  beyond  the  heUum. 
The  origin  and  development  of 
these  remarkable  objects  are  quite 
bt-yoinl  conjecture  at  present. 

304.  Planetary  Nebulae.  —  The 
planetary  nebuls  are  supposed  to 
be  next  to  the  0-type  stars  in  evolution,  and  the  0-type  stars 
are  suppij.sed  to  [)recede  the  B-type  stars.  They  are  in  all 
cases  apparently  small  in  size,  usually  rather  dense,  particu- 
larly near  their  centers,  and  they  have  rather  well-definetl 
outlines.  They  were  named  by  Hersciiel  from  their  resem- 
blance to  faint  planetary  disks. 

The  spectra  of  about  75  planetary  nebulse  have  been  ex«« 
aniined.     Perhaps  the  most  important  result  of  this  examinarl 
tion  is  that  their  radial  velocities  (24  miles  per  second)  are 


Fio.  I«3.  —  The  riiiK  rieljiilu 
in  Lyra.  Pholiigratihitl  by 
auUivan  at  the  Yerktx  Ob- 
ttrtatory  with  Ihe  ^O-inch 
UU»cope. 
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at  least  three  times  those  of  the  stars  of  Type  B.  This  is 
squarely  opposed  to  the  theory-  that  they  condense  into  stars 
of  Types  0  and  B.  If  this  theory  is  maintaineti,  an  explana- 
tion of  the  greatly  decreased  velocities  is  demandetl,  and 
none  is  at  hand.  On  the  other  hand,  the  novae  go  first  into 
planetary  nebulaa  and  then  into  Wolf-Rayet  stars. 

The  central  part.s  of  planetarj'  nebiilse  give  the  lines  of 
nebuiiiim  and  hydrogen ;  the  outermost  parts  give  the 
hydrogen  lines  alone.  That,  is,  hydrogen  forms  an  atmos- 
phere around  the  denser  nebulium 
and  hydrogen  cores. 

The  problem  of  the  rotation  of 
planetary  nehulse  is  now  being 
taken  up  at  a  number  of  observa- 
tories. By  an  adaptation  of  the 
spectroscope  first  employed  by 
Keeler  on  the  rings  of  Saturn,  anti 
used  more  n»cently  by  Slipher  at 
the  Lowell  Observatorj'  on  planets 
and  spiral  nebulae,  Campbell  and 
Moore  have  fovmd  that  two  of 
these  remarkable  objects  are  rotat- 
ing around  axes  approximately  at 
right  angles  to  a  plane  passing 
through  the  earth  and  the  longer  axes  of  the  nebulse.  On 
the  basis  of  the  observed  relative  velocities  of  3.1  to  3.7  miles 
per  second,  and  plausible  assumptions  regarding  the  distance 
of  the  nebuisB,  they  found  that  their  masses  are  between  3  and 
100  times  that  of  the  sun,  with  periods  of  rotation  between 
600  and  14,000  years.  With  such  slow  rates  of  rotation  there 
is  no  possibiHty  of  these  objects  ever  dividing  into  two  parts 
and  forming  a  binar>'  star,  in  spite  of  the  fact  that  their 
density  probably  does  not  exceed  one  millionth  that  of  our 
atmosphere  at  sea  level. 


Flii.  t':i4.  —  A  |il;ifil>l.iry  liph. 
uln.  Phologru/ihrd  iiilh  the 
CrOKnUv  rtftrctor  at  the  Lick 
Ohsrnalory. 
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XXIV.   QUESTIONS 

1.  If  5flO.f)OO,00()  stars  werp  swattepf-d  uniformly  ovor  the  celes- 
tial sphere,  what  wmiW  lu<  thf  apparent  ani^tilar  distanrr  hetween 
adjacent  stars?  If  another  star  were  plaeod  at.  nmdom  on  the 
sky,  what  would  he  the  prolmhility  that  it  would  be  within  1" 
of  one  of  these  stars? 

2.  In  the  |)arl  of  the  sky  covered  by  Aitken's  survey  of  double 
stars  (north  of  declination  —14°)  there  are  about  2(K1,0(T0  stars 
brighter  than  the  tenth  magnitude:  what  is  the  average  distance 
between  adjacent  members  of  this  list  of  stars?  Aitken  found 
5400  pairs  seiiaraled  by  less  than  5";  what  is  the  probability 
that  a  particular  one  of  these  cases  is  accidental?  What  is  the 
probability  that  they  are  all  accidental?  According  lo  the  laws 
of  probnliility.  how  many  of  th**  ,">4riO  stars,  in  a  random  arrange- 
ment, should  be  separat-(»d  less  1  han  S"? 

'•i.  Su[)pose  the  api)arent  distance  between  two  stars  must  be 
at  least  0".2  in  order  that  they  may  he  seen  as  two  distinct  stars 
with  the  largest  telescopes;  suppose  the  distance  of  a  double  star 
is  .MX)  parser's;  what  must  be  the  distance,  in  astronomical  units, 
between  the  componentj!  in  order  that  they  may  be  seen  as  sepa- 
rate stars?  If  the  mass  of  each  star  is  equal  to  that  of  the  sun, 
what  will  be  their  periwl  of  rexolution  (Art.  LSI)?  If  their  dimen- 
sions and  surface  brilliancy  are  the  same  as  those  of  the  sun.  what 
will  be  their  nitmnitude  taken  together? 

4.  .Suppose  the  relative  velocity  of  the  two  components  of  a 
double  star  must  he  Fi  miles  pt-r  si>cond  in  order  that  it  may  \w 
possible  to  determine  by  the  spectroscope  that  the  star  is  a  binary; 
how  near  must  the  components  be  to  each  other  in  order  that  it 
may  be  possible  fo  find  that  the  star  is  a  binary  if  their  combined 
mass  is  one  tenth  that  of  the  sun?  Equal  to  that  of  the  sun? 
Ten  times  that  of  the  sun? 

5.  .Suppos<'  the  density  of  the  components  of  a  binary  star  is 
equal  to  that  of  the  sun  and  that  the  two  components  (assumed 
spherical)  are  in  contact;  what  is  their  jwriod  of  revolution  if 
their  combined  mass  is  one  tenth  that  of  the  sun?  Equal  to  that 
of  the  sun?  Ten  times  that  of  the  sun?  What  are  their  relative 
velocities  in  the  respective  eases?  What  are  their  temperatures 
in  the  respective  cases  [Art.  298  (c)]?  VVliat  are  their  luminotuties 
in  the  respective  cases? 

6.  Suppose  the  two  components  of  an  eclipsing  variable 
equal  in  mass  and  that  their  density  is  that  of  the  sun ;    what  kj 
the  ratio  of  the  time  of  eclipse  to  the  period  of  revolution  if  their' 
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combined  mass  is  one  tenth  that  of  the  sun?  Equal  to  that  of 
the  sun?  Ten  times  that  of  the  sun?  Solve  the  problem  if  their 
density  is  one  tenth  that  of  the  suu,  and  also  if  it  is  ten  times  that 
of  the  suu. 

7.  Which  of  the  leu  phenomena  of  Ait.  296  fail  to  arrange  the 
stars  strictly  iu  the  order  B.  A,  F,  G,  K,  M7  Which  of  the  ten 
phenomena  are  opposfjd  to  the  hypothesis  that  the  apeetral  type 
of  a  star  depends  on  its  mass?  Which  of  the  ten  phenomena  are 
opposed  to  the  hypothesis  that  the  arrangement  of  stars  ae«ording 
to  age  is  M,  A,  B,  A,  F,  0,  K,  M  (the  hypothesis  of  Lockyer  and 
Russell)? 

S.  The  uppareul  areas  of  the  sua  and  the  denser  part  of  the 
Orion  neliula  are  aliout  Ihe  same,  and  the  sun  is  about  30  magnitudes 
brighter  than  the  nebula.  Suppose  theamouut  of  light  they  radiate 
is  proportional  to  the  fourth  powers  of  their  absolute  tempera- 
tures. What  is  the  temperature  of  the  Orion  nebula?  If  its 
diameter  is  20,(Kt(MKK)  times  that  of  the  sun,  what  is  its  mass 
(oompuled  from  the  relation  eonaecting  temperature,  mass,  and 
density  of  a  gaseous  body)?  Under  the  same  assumptions,  what 
is  its  mean  density?  (The  student  will  nut  fail  to  remember  that 
some  of  the  assumptions  on  which  the  computation  rests  are  ques- 
tiooable.) 
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Magellanic  clouds,  530,  553. 

^M 

^^M             Batellit«  Bystom  of.  289. 

Magnetic  storms,  periodicity  of. 

404.  ^J 

^^m             aeasoQS  of,  296. 
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of  comets.  322.  442.                            ^^H 

^^H                 rotation  of,  200. 
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Intended  to  give  a  satisfactory  account  of  many  parts 
of  celestial  mechanics  rather  than  an  exhaustive  treatment 
of  any  special  part ;  to  present  the  work  so  as  to  attain 
logical  sequence,  to  make  it  progressively  more  difficult, 
and  to  give  the  various  subjects  the  relative  prominence 
which  their  scientific  and  educational  importance  deserves. 
In  short,  the  aim  has  been  to  prepare  such  a  book  that 
one  who  has  had  the  necessar)'  mathematical  training  may 
obtain  from  it,  in  a  relatively  short  time  and  by  the  easiest 
steps,  a  broad  and  just  view  of  the  whole  subject. 

"Composed  with  remarkable  good  judgment,  and  indis 
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ing  the  first  steps  in  learning  the  stars  and  constellations  and 
also  to  point  the  way  to  the  acquisition  of  further  information 
on  the  part  of  those  who  desire  it.  Excellent  star  maps  are 
included. 
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This  book  is  essentially  a  text-book.  For  this  reason,  the 
marginal  comments  at  the  sides  of  the  pages,  the  questions,  fl 
topics  for  investigation,  and  practical  exercises  have  been  ^ 
added.  A  syllabus  of  each  chapter  has  been  placed  at  its  ' 
beginning,  and  the  book  has  been  divided  into  numbered  sec-fl 
tions,  each  treating  a  definite  topic.  The  book  is  also  in- 
tended for  the  general  reader  of  scientific  tastes ;  for  while  it 
can  hardly  be  culled  an  elementary  treatise,  it  starts  at  the 
beginning  and  no  previous  knowledge  of  meteorology  itself  is 
an\\vhere  assumed.  It  is  assumed,  however,  that  the  reader  is 
familiar  with  the  great  general  facts  of  science.  References 
have  been  added  at  the  end  of  each  chapter. 
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The  elements  of  practical  astronomy,  with  numerous 
applications  to  the  problems  first  requiring  solution.  It  is 
suited  for  use  with  students  who  have  had  an  introductory 
training  in  astronomy  and  mathematics. 
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Intended  to  serve  as  a  textbook  for  use  in  schools,  but 
will  be  found  useful  to  the  general  reader  who  wishes  to 
make  himself  acquainted  with  the  basis  and  teachings  of 
one  of  the  most  fascinating  of  the  sciences.  The  aim 
throughout  the  book  is  to  gfive  a  connected  view  of  the 
whole  subject  and  to  supply  facts  and  ideas  founded  on 
the  facts,  to  serve  as  a  basis  for  subsequent  study  and  dis- 
cussion. 
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